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Abstract

Silica has been widely used as a solid support to generate functionalized silica in material
science, which plays important roles in various areas such as catalysis and disease diagnostics.
The applications of functionalized silica involve the special molecular properties of interfaces,
which can differ from the properties of molecules in bulk phases. Nonlinear optical techniques,
including second harmonic generation (SHG) and sum frequency generation (SFQG), are a class of
well-defined spectroscopic techniques that are well-suited to probe interfacial molecules and to
study interfacial phenomena. Owing to their surface specificity, only the molecules that are
ordered at the interface are probed in the measurement while interference from molecules in bulk
phases is effectively excluded.

Taking planar silica and functionalized planar silica as substrates, this thesis mainly focuses
on characterizing the structure and order of molecules at these solid surfaces, and investigating
the interaction between immobilized molecules and bulk phase molecules. Specifically, the
binding of a model reactant 4-nitroacetophenone with amino and ureido organocatalytic
monolayers on silica was investigated at the silica/acetonitrile interface using a combination of
SHG and SFG, and the results reveal that the performance of immobilized catalysts is strongly
affected by the local environment of surface molecules. Next, the Cu(I)-catalyzed 1,3-dipolar
azide-alkyne cycloaddition (CuAAC) was followed at the silica/methanol interface using
vibrational SFG; the reaction order with respect to copper catalyst was determined to be 2.1,
suggesting that two coppers are involved in the rate-determining step of the interfacial reaction.
Using a CuAAC attachment strategy, the thermal evolution of immobilized DNA single strands
and duplexes were investigated at the silica/buffer interface using vibrational SFG. Consistent

with our SHG work, the melting temperature of the immobilized T;s:A;s (thymidine 15-mer:
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deoxyadenosine 15-mer) duplex at the interface is found to be ~ 12 °C lower than the solution
phase melting temperature, indicating immobilization on silica destabilizes the DNA duplex.
Finally, as silica is a commonly used stationary phase in chromatography, the organization of
acetonitrile molecules at the silica/aqueous interface was studied using vibrational SFG. For a
given solution composition, increasing the solution pH is found to effectively decrease the
number density of interfacial acetonitrile molecule, which we attribute to the decrease in the
number density of surface silanol which can form a hydrogen bond with cyanide within the
acetonitrile molecule.

Overall, these results demonstrate the study of interfacial phenomena involving self-
assembled monolayers on insulated surfaces like silica using the nonlinear optical techniques
SHG and SFG. The combination of these techniques represents a useful approach to explore

similar systems in their relevant research areas.
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1.1 The Functionalized Silica/Liquid Interface

1.1.1 The Importance of Silica and Functionalized Silica

Silica, commonly existing as quartz in nature, is one of the most abundant resources in the
world. In chemistry, the most commonly used silica includes fused silica, silica gel and silica
colloid. Fused silica, or fused quartz, which is a type of high purity silica in non-crystalline form,
has excellent thermal properties and a wide transparency range extending from the UV to the
near IR, and consequently, is usually used to make lenses and other optics.'™ Silica gel is a type
of porous silica granule, which has a strong affinity for water molecules and can be used as
desiccant;” silica gel is also commonly used as the stationary phase in chromatography.’ Silica
colloid is a type of suspension formed by non-crystalline and nonporous silica particles dispersed
in a liquid phase, which can be used as catalyst and absorbent.’®

Other than these direct applications, silica is also an important solid support to generate
functionalized silica owing to its transparency to visible light, cost effectiveness, and stability to
water and organic solvents. As a result functionalized silica plays important roles in different
areas. In catalysis, catalysts with well-defined structures and reactive sites can be immobilized
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on silica slides or silica nanoparticles to generate environment-friendly reusable catalysts.
particular, mesoporous silica supported enzymes not only retain the biocatalytic activity, but also
have increased stability compared with enzymes in solution.'? Similarly, DNA sequences can be
immobilized on planar silica to generate DNA microarray chips, which are effective tools in the
diagnosis of multiple diseases.'” "

The application of functionalized silica usually involves the special properties of the

immobilized molecules, which can differ from the properties of molecules in bulk phases.'

Indeed, a wide range of molecular properties have been altered when they are present at an



interface.'” Investigation of these properties will benefit the understanding of interfacial
phenomena and allow functionalized silica to be optimized for its different applications.

In the research projects described in this thesis, organic monolayers were prepared on a
planar fused silica surface, and the properties of these immobilized molecules at the solid/air and
solid/liquid interface, such as structure and orientation, have been characterized using the
nonlinear optical techniques second harmonic generation (SHG) and sum frequency generation
(SFG). Related thermodynamic and kinetic parameters of processes at the solid/liquid interface

were also investigated using nonlinear optical methods.

1.1.2 The Generation of Self-Assembled Monolayers on Planar Silica Surfaces

To functionalize planar silica surfaces, the most convenient and effective way is molecular
self-assembly. Self-assembled monolayers of organic molecules are assemblies formed by the
adsorption of molecules from solution onto the surface of a solid support.'*** Generally, the
adsorbate has a special headgroup, which has a strong affinity for the surface of the solid support.
The interaction between adsorbate headgroup and the solid surface and the interaction between
adsorbates drive the adsorbates to organize spontaneously into an ordered structure. Various
headgroups were found to have special binding affinities to metals, mineral oxides, and
semiconductors.'” The most famous example is the binding of thiols on metal surfaces, such as
gold, silver, palladium and copper.'” ** For a mineral oxide solid support like silica, silanes
modified with a leaving group like chloride are the most important headgroup that is used to
generate self-assembled monolayers.>*
The generation of self-assembled monolayers on silica surfaces using silanes involves a
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process called silanization. A commonly accepted mechanism for the process of silanization



involves three stages: (1) quick adsorption of a water film on the silica surface; (2) physical
adsorption of silane molecules; (3) hydration and polymerization of silane molecules (Figure
1.1).2% As a result, the organofunctional groups in the silane are attached to the silica surface
through covalent siloxane bonds (R-Si-O-Si-). Commonly used silanes include methoxysilane,

ethoxysilane and chlorosilane, where the presence of the alkoxy group or chloride adjusts

reactivity.
1 1 1
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Figure 1.1 A commonly accepted mechanism describing the formation process of self-assembled
monolayers through silanization.””® R represents the organofunctional group in the silane
molecule.

1.1.3 Characterization of Self-Assembled Monolayers

After surface functionalization, the quality of the self-assembled monolayer on the planar
silica is usually characterized by a combination of several surface-sensitive techniques, such as
water contact angle measurements, atomic force microscopy (AFM), ellipsometry, and X-ray
photoelectron spectroscopy (XPS).

Determination of the contact angle between water and the functionalized silica is the most
convenient way to confirm the presence of a new layer on the silica surface.”’ In this

measurement, a drop of water with certain volume is placed on the functionalized silica surface,



and the contact angle is measured. If the water contact angle is smaller than 90°, the surface is
considered to be hydrophilic; if the water contact angle is larger than 90°, the surface is
considered to be hydrophobic. The bare planar silica surface is hydrophilic with a contact angle
of ~ 10°;% however, after self-assembling a monolayer, the surface usually has an increased
water contact angle.”® So an apparent difference can be observed by measuring water contact
angle before and after surface functionalization.

Atomic force microscopy (AFM) is often used in characterizing the morphology and
roughness of planar surfaces.”® The key unit of the AFM microscope is a cantilever with a tiny
sharp tip at its end, which is usually made of silicon and used to scan the surface. When the
cantilever closely approaches the functionalized surface (< 200 nm typically), forces between the
sharp tip and the surface will lead to a deflection of the cantilever.”® This deflection is recorded
using a laser spot reflected from the top of the cantilever surface into photodiodes while scanning
the tip over a certain area on the sample. Consequently, an image of the sample surface will be
achieved, and from this the surface roughness can be calculated. For self-assembly formed by
silanization, the appearance of the surface varies with the depositing conditions, such as identity
and concentration of silane, composition of solvent, depositing time and temperature.’'>*
Normally, the surface roughness of a well-formed monolayer should have similar amplitude as
the molecular dimension. The generation of a well-formed monolayer is the starting point of
most research focused on interfacial phenomena, and therefore optimization of depositing
conditions has to be done using the AFM results as a guide.

Ellipsometry is a well-defined optical technique that can be used to determine the thickness
of the surface layer.”® In ellipsometry, polarized light is shone on the sample surface, and the

reflected light is collected using an analyzer and a detector. As the surface layer has different



dielectric properties than the solid support, there will be a change in the polarization of the
reflected light. After acquiring the data, the change of polarization will be modeled and
information about the thickness and optical constants of the surface layer can be extracted.

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that
measures the elemental composition of a surface.”® In XPS, an X-ray beam is used to irradiate
the sample surface. Electrons within the surface atoms absorb energy from the X-ray and are
ejected from the surface. The kinetic energy and number of these electrons are recorded. The
difference between the energy of the X-ray, which has a fixed wavelength, and the kinetic energy
of the ejected electrons is equal to the binding energy of electrons in the particular chemical
environment. Element identity, the number ratio of atoms and the atomic chemical environment

are the most common information extracted from XPS measurements.

1.1.4 Study of Processes at Solid/Liquid Interfaces

At the buried solid/liquid interface, following interfacial processes is difficult, as the
number of applicable surface analytical techniques is limited. Electron-based techniques are not
applicable, as electrons cannot penetrate the buried bulk phase to reach the interface; at the same
time, as silica is an insulator, commonly used surface plasmon resonance and electrochemical
methods are not applicable either.

Fortunately, photon-based techniques are usually applicable, if the used light is transmissive

in the bulk phase resulting in no strong absorption during light penetration. For example, IR
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absorbance, Raman and fluorescence *>*’ spectroscopy have been employed to study the
properties of interfacial molecules and to follow interfacial processes in real-time. However, a

disadvantage of these techniques is they cannot distinguish between interfacial molecules and



bulk molecules, so the expected signal from the interface cannot exclude possible contributions
from the bulk phase.

Nonlinear optical techniques, including SHG and SFG, are a class of powerful techniques
that can readily solve this trouble. They are surface-specific and are well suited to follow

processes that proceed at a variety of interfaces.*®™>*

1.1.5 Advantages of Nonlinear Optical Techniques

SHG and SFG are two types of nonlinear optical processes. In SFG, two laser beams,
usually of different frequencies of light, are overlapped spatially and temporally on the interface
formed by two media. Two photons (one from each beam) interacting with interfacial molecules
with net orientation are combined to generate a new photon, whose frequency is the sum of the
original two; SHG is a special case of SFG, in which the two photons come from the same laser
beam and have the same frequency.

There are many advantages of the nonlinear optical techniques second harmonic generation
(SHG) and sum frequency generation (SFG). First of all, as mentioned earlier, they are surface-
specific, only interfacial molecules with a certain net orientation can contribute to the signal; at
the same time, they are orientation-sensitive, if the orientation of interfacial molecules changes,
the signal from interface changes accordingly. Consequently, resonant-enhanced SHG has been
used to study the binding affinity and mode of binding for adsorbates in solution with surfaces.
Secondly, minimal labeling is needed in SHG and SFG. For SHG, resonant SHG 1is usually used
to probe electronic transitions within interfacial molecules or atoms. When the frequency of the
incident fundamental light and/or the frequency of the generated SHG light is close to one of the

electronic transitions within the molecule or atom, resonance-enhanced SHG can be detected.



For non-resonant SHG, the ¥ @) method has been well developed to study the change of

interfacial potential resulting from surface charge.”” >>® In contrast, SFG is usually used to
probe vibrational transitions within interfacial molecules. SFG can be generated if the interfacial
molecule has a vibrational mode that is both IR and Raman active and exhibits net orientation.’’
Finally, both SHG and SFG can follow processes at various interfaces in real-time. By using
time-resolved SFG and pump-probe SFG, information about vibrational dynamics and reaction
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dynamics also can be extracted.

1.2 Second Harmonic Generation (SHG)

1.2.1 Reflection and Refraction of Light at an Interface

An interface is formed by two different materials or two different phases of the same
material; in both cases the two phases have different refractive indices. When light arrives at an
interface, interactions between the incoming light and the material include absorption, scattering
(elastic and inelastic), reflection and refraction. Figure 1.2A shows the reflection and refraction
of light at an interface. According to the law of reflection, the angle of incidence equals the angle
of reflection, and the angle of refraction is determined by the refractive index of both phases and
the angle of incidence through Snell’s law.®" Specially, when light travels from an optically
dense medium with a relatively large refractive index, to an optically thin medium with a
relatively small refractive index, the angle of refraction is always larger than the angle of
incidence. When the angle of incidence equals the so-called critical angle, as shown in Figure
1.2B, the refracted beam will travel along the boundary between the two media. At angles of
incidence larger than this critical angle, total internal reflection will happen, and there is no

refraction beam.
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Figure 1.2 (A) The reflection and refraction of light at an interface. The angle of reflection
equals the angle of incidence, and the angle of refraction is governed by Snell’s law. n; and n;
represent the refractive index of a material with greater and lesser optical density, respectively.

(B) The reflection and refraction of light at the critical angle. The refracted beam travels along
the boundary between the two media.

1.2.2 Induced Polarization upon the Interaction of Light with Medium

As electromagnetic radiation, light can induce a polarization when it interacts with an
material. When the electric field of the light is weak, the response of the material system to the
field depends in a linear manner on the strength of the field; however, when the electric field of
light becomes strong, the dependence of the response on the strength of the field becomes
nonlinear. Generally, in an applied electric field E, the induced polarization of a system, P, can
be written as a power series in £:°%

p=pPW 4 p® L pb L

1.1
=, (VE + yPEE + yVEEE + ) (b

where PY is the linear polarization, P @) (1=2,3...)1s the i"™-order nonlinear polarization and

) is the i"™-order susceptibility of the system. In the equation, pY

4

is related to linear optical

effects, and the higher order terms are related to nonlinear optical effects. For example, the
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second-order susceptibility ¥ @ describes processes such as second harmonic generation (SHG)

and sum frequency generation (SFG), which will be discussed in the thesis, and the third-order

susceptibility ¥ ®) describes processes such as coherent anti-stokes Raman spectroscopy (CARS)

and coherent anti-Stokes two-photon spectroscopy (CATS).%

1.2.3 Theoretical Background for SHG

SHG is a typical example of nonlinear optical processes, in which two photons with the
same frequency interacting with a nonlinear crystal or interface are combined to generate new
photons with twice the frequency. Under the electric-dipole approximation, SHG is only allowed

346264 1 other words, for a medium within which for

in a non-centrosymmetric environment.
every point (X, Y, Z) there is an indistinguishable point (-X, -Y, -Z), SHG is not allowed. This

property can be easily understood from the following line of reasoning:** SHG is related to the

2)

second-order susceptibility ¥ ) through the equation P o= X 'EE | where the intensity of SHG

is proportional to the square of PY For a centrosymmetric system, the electric field and
induced polarization transform as £ — -E and P — -P under the action of inversion. However,

according to the principle of Neumann, as a physical property of a centrosymmetric system, the

RV,

sign and magnitude of } @) should not change after the ‘[ransformation,64 e, > X

P o= Z(z)EE transform into — ( EX— ) and }( must be zero.

Figure 1.3A illustrates the geometry of SHG generated at an interface for reflection
geometry. SHG is generated in both the reflection beam and refraction beam, and therefore the
SHG signal can be collected in either beam depending on the experimental set-up. Figure 1.3B

shows the energy level diagram describing SHG. In the diagram, the solid line represents the
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ground state within the atom or molecule present at the interface, and the dashed lines represent
virtual levels. These virtual levels are not energy eigenlevels of the atom or molecule, but
represent the combined energy of one of the energy eigenstates and one or more photons of the

radiation field.®?

A B ____ ‘ ----------- virtual state

2o

Interface

' ground state

Figure 1.3 (A) Geometry of SHG generated at an interface. SHG is generated in both the
reflected beam and refracted beam. (B) Energy level diagram describing non-resonant SHG.
Solid line represents the atomic or molecular ground state, and dashed lines represent virtual
states.

The second-order nonlinear susceptibility, ¥ @) , 1s a third order tensor, which has 27 tensor

elements. The relationship between the induced second-order polarization and the second-order

nonlinear susceptibility can be expressed in another manner, which highlights the tensor property

(2)

>* As shown in equation 1.2, IJK represent the Cartesian coordinates in the laboratory

of ¥
frame, P1( ) is the component of the induced polarization vector along the I direction, E; is the

. . o 2) .
component of the incident electric field vector along the J direction, and Z},,l is an element of
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the susceptibility tensor. For SHG, the magnitude of ;(S,)( describes the efficiency of generating

I-polarized SHG for driving electric fields polarized along the J and K laboratory axes.

PP = 4OLE Ey (12)
J,K

For a rotationally isotropic interface formed by a silica hemisphere in contact with a liquid
phase in a sample cell, the symmetry of the interface is C.y, and the laboratory coordinate system
is defined as shown in Figure 1.4. Specifically, the surface normal is defined as the laboratory Z
direction, and the other two axes X and Y lie in the interface plane, which is perpendicular to

surface normal.

Liquid phase

Sample cell

Interface D

xVv

Silica
hemisphere

ZV

Figure 1.4 A rotationally isotropic interface formed by a silica hemisphere and a liquid phase in
sample cell. Laboratory coordinate frame X, Y and Z are defined as shown in the diagram.

Although ¥ @) has 27 tensor elements, only a small quantity of them are non-zero due to the

symmetry of the interface. All the tensor elements can be examined by imposing the symmetry

element to the system using the following method.**
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For example, if plane XZ is one of the mirror planes of the interface, then the interface is
indistinguishable under the reflection of plane XZ. Imposing mirror plane XZ to the system, the
coordinates transform as:

Xo>XY>-Y,Z>7

Similarly, the electric field and induced polarization components transform as:

Ex— Ex, Ey>-Ey,E; > E;

P)(—)PX,Py—)-Py,Pz—)PZ

2 . .
For tensor element }{)(/y)y , under the operation of reflection through the XZ plane,

PY(Z) = Zg")y E,E, transforms into (—Py)): Z(Y?/)Y(_EYX_EY): )(,ZY)YEYEY indicating }(g)y has to be

ZCro.
Xox Xxoo Xxz Xxvx Xxvy Xxvz Xxax Xxzy ZXZZ_
Xox Xvxv Xvxz Xvex AXvwy Xvvz Xvax Xyzy Xyvzz
Xox Ao Xzxz Xzvx Xzvy Xzvz Xzzx Xzzv Xzzz |

(0 0 zw O 0 0 xg, O 0
Examinesymmety () () 0 0 O Y, 0 1y O
A O 0 0 x,y O 0 0 X
0 0 yn O O 0 Y O 0
ndistingishableXandY | 0 0 O ¥Yuw, 0 ¥y O
w0 0 0O e 0 O 0 xu

Figure 1.5 The 3%9 matrix describing the second-order susceptibility ¥ @) of an interface. The
matrix is much simplified when the interface is highly symmetric such as possessing Cey
symmetry.

Using the same method by imposing all symmetry elements to the interface, one can

determine all non-zero tensor elements of the interface. As shown in Figure 1.5, for a rotationally

13



isotropic interface with symmetry of C.,, there are only seven non-zero tensor elements for the
second-order susceptibility. When the X and Y axis are indistinguishable (the interface possesses

a oy, mirror plane), there are only four independent non-zero tensor elements left, which are

@ @) @2 0 (2) (@) _ ) 6264

Xozs Xz = Xvvzs Xooe = Xyzy and Yooy = X - By determining which tensor elements
contribute to the observed second-order response, information about the orientation of molecules

at the interface can be explored.

1.2.4 Resonant Enhanced SHG
At an interface, the intensity of generated SH light is proportional to the square of the

induced second-order polarization, as described in the following equation:
2 2
I, «|P,,| =‘ﬂ((z)‘ 11, (1.3)
where 15, is the intensity of SHG light generated at the interface, P,, is the induced second-

order polarization and I » 18 the intensity of the incident fundamental light.
As mentioned earlier, there are two intermediate virtual levels in the non-resonant SHG
process, and corresponding transition frequencies from the electronic ground state to each level

are @ and 2w , respectively. If one or both of these two frequencies are close to the frequencies

of any electronic transitions within the interfacial species, ¥ @) becomes large, and the intensity

of generated SHG light will be strongly enhanced. In this case, it is called electronically resonant
SHG. Depending on which frequency is in resonance with a molecular or atomic electronic

transition, there are three types of resonant SHG as shown in Figure 1.6.
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Figure 1.6 Energy diagrams for three types of electronically resonant SHG. Solid line represents
an eigenstate within the interfacial molecule or atom, and a dashed line represents a virtual state.

(2)

As shown in equation 1.4, in resonant SHG, the second-order nonlinear susceptibility }

. . 2 .
is usually broken into two components: one resonant component } 1(g ), which comes from the

(2)

interfacial species in resonance, and one non-resonant component },z, which comes from all

(2)

. . . . 2) .
the other interfacial species not in resonance. 53 ) is much larger than J,z, and can be related to

the molecular hyperpolarizability of the interfacial molecule through equation 1.5.°%>*
2 2 2
2% =xa i (1.4)
I}({Z) — N<,6’(2)> (1.5)

. . . . . 2) .
In equation 1.5, N is the number density of interfacial molecules, ﬂ @) is the molecular

hyperpolarizability of interfacial molecules, and the bracket represents an orientationally

.. 2 2) . .
averaged value. Similar to } ](g ), ﬂ @) is also a third-order tensor and has 27 tensor elements,

which are defined in the molecular coordinate system. Therefore, Euler transformation is needed
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for correlating the molecular coordinate system and the laboratory coordinate system, which will
be discussed later.

In resonant SHG, for a certain incident fundamental light and a well-defined interface, the
intensity of generated SHG light is mainly determined by two factors: the number density and
the net orientation of interfacial molecules. Consequently, SHG is usually used to collect

information about these two aspects of an interfacial process.

1.2.5 Orientation Analysis Using Resonant SHG

The molecular hyperpolarizability, 3 @) , 1s a third-order tensor with tensor elements of ﬂ,ﬁ)

@i, j, k=x, y, z), where x, y and z represent axes in the molecular coordinate system. Similar to

1(2)

, the magnitude of each ﬂﬁ) element describes the efficiency of generating i-polarized SHG

from a given molecule with driving electric fields along the j and k molecular axes.®® Although

2 . . .
B o has 27 tensor elements, highly symmetric molecules usually have a limited number of non-
zero tensor elements.
As mentioned, an Euler transformation is needed to correlate the molecular coordinate

system (xyz) and the laboratory coordinate system (XYZ). Three Euler angles: the in-plane

rotation angle ¢ , tilt angle @ and twist angle ¥/, are defined as shown in Figure 1.7.7 It has
to be noted that, different definitions of these Euler angles will lead to a different Euler
transformation matrix.°”*® Using the definition in Figure 1.7, the Euler transformation matrix R
correlating the molecular coordinate system (xyz) and the laboratory coordinate system (XYZ)

can be written as the following:®’
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—siny sing +cos@cosy cos¢  —cosysing—cos@siny cos¢g  sinbcosg

R=| sinycos¢+cosfdcosy sing cosy cosg—cos@siny sing  sindsing | (1.6)

—sinfcosy sinésiny cosd
as defined in:
X X RXx RXy RXZ X
Y :RX y = RYx RYy RYz x y (17)
Z z RZx RZy RZz z
z

Figure 1.7 Three Euler angles (in-plane rotation angle ¢ , tilt angle @ and twist angle ¥ )
correlating the molecular coordinate system (xyz) and the laboratory coordinate system (XYZ).%’

To describe the relationship between the second-order nonlinear susceptibility tensor ¥ ](g) and

the molecular hyperpolarizability tensor ,3(2) , equation 1.5 can be written in a further

expression: - >* 70
20 =NY (R,R, Ry B (1.8)
ijk

where Rj;, Rj; and Rk are the corresponding elements of the Euler transformation matrix.
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In a typical SHG study, orientation analysis of an interfacial molecule refers to the

determination of ¢ , @ and ¥ . In order to achieve this, polarization-dependent SHG

measurements have to be done in which both the p-polarized and s-polarized SHG signal
intensities are recorded as a function of polarization rotation angle of the incident fundamental

light.

A B
Liquid phase Liquid phase
Y Y
Silica X Silica X
z y Z |

Figure 1.8 Definition of p-polarized light (A) and s-polarized light (B). The electric field is
depicted in red and the propagation direction of the light reflected at the interface is shown in
black. For p-polarized light, the oscillating direction of the electric field is parallel to the
incidence plane XZ; for s-polarized light, the oscillating direction of the electric field is
perpendicular to the incidence plane XZ.

The polarization of light is defined based on the relationship between the direction of the
oscillating electric field of light and the incidence plane. As shown in Figure 1.8, the incidence
plane (plane XZ7) is formed by the surface normal and the light propagating direction. If the
oscillating direction of the electric field is parallel to the XZ plane, the light is defined to be p-
polarized with electric field components along both the X axis and Z axis (Figure 1.8A); if the
oscillating direction of the electric field is perpendicular to the XZ plane, the light is defined to be

s-polarized and has an electric field component only along the Y axis (Figure 1.8B).
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The most common case of orientation analysis using resonant SHG involves a rotationally
isotropic interfacial layer formed by the adsorption of self-assembly of a SHG-active molecule.

347172 (3) assume the generated SHG

For these systems, the following assumptions are made:
light is in resonance with an electronic transition within the interfacial molecule and the resonant

transition dipole moment lies parallel to the long molecular axis z; (ii) assume the molecular

hyperpolarizability tensor is dominated by a single component along the long molecular axis z

: 2 . 2) ... o : T
(i.e. ,BZ(ZZ) dominates ( )); (ii1) assume the molecule exhibits a uniform random distribution in

¢ and ¥ , so only one orientation parameter € is left to be determined. With these

assumptions, only three unique non-zero second-order nonlinear susceptibility tensor elements

@ 0 2) ()

remain, and they are Y, ¥ XXZ(: y4 XZX) and Yy ,°* % 7 which can be written in the following

simplified expressions:** 7! ™47
Xz =N{eos™0)2 (1.9)
Z@z = Z%)X :%N<cos @sin” 0>l5'z(jz) (1.10)

@ 0 ()

The relative amplitude of )7, Xxz and };y can be determined by fitting p-polarized and s-

polarized SHG intensity as a function of rotation angle of the incident light using the following

equations:ég’ 773,76
1 (r)=cls, Sin(ZV)Z@z‘z(lw)z (1.11)
12°()= oo 12 +co5* snr'D, +six e +s,xl =5 | () (1.12)
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where 17 is the intensity of the measured p-polarized or s-polarized SHG light, 1” is the

intensity of the incident fundamental light; s, (A = 1, 2, 3, 4, 5) are constants related to the

Fresnel coefficient (the expressions for Fresnel coefficient will be discussed later) and the
incident angles of lights; }~ is the polarization rotation angle of the incident light with y = 0°
for p-polarized light and ¥ =+ 90°for s-polarized light.

After extracting the relative amplitude of the three unique non-zero second-order nonlinear
susceptibility tensor elements, & can be determined using equation 1.9 and 1.10. One point that
needs to be highlighted here is equations 1.9 — 1.12 are not general, and are only qualified under
the previously mentioned assumptions. Actually, the expressions for non-zero susceptibility
tensor elements are very complicated.®’ One needs to make appropriate symmetry considerations
and consider the angular average to obtain the expressions as the linear combination of non-zero
molecular hyperpolarizability tensor elements. The values of non-zero molecular

77-79

hyperpolarizability tensor elements are usually obtained by computational simulation and

other measurements. 80

1.3 Sum Frequency Generation (SFG)
1.3.1 Theoretical Background for SFG

SFG is another type of nonlinear optical process. Similar to SHG, under the electric-dipole
approximation, SFG is only allowed in non-centrosymmetric environments.”* *** Figure 1.9A
shows the geometry of SFG generated in the reflection beam at an interface. SFG is generated in

both the reflection beam and refraction beam, and therefore SFG spectra can be collected in
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either beam depending on the experimental set-up. Figure 1.9B illustrates the energy level
diagram describing SFG. In the diagram, the solid line represents the ground state of the

molecules at the interfaces and the dashed lines represent virtual states.

B --_-‘ ----------- virtual state

virtual state

R

I
|
I
|
| 0
|
|
|
|

Interface

1

' ground state

Figure 1.9 (A) Geometry of SFG generated in the reflection beam at an interface. SFG signal is
generated in both the reflected beam and refracted beam. (B) Energy level diagram describing
SFG. Solid line represents an atomic or molecular ground state, and dashed lines represent
virtual states.

1.3.2 Resonant Vibrational SFG

SFG is typically used to probe vibrational signatures of molecules. In resonant SFG, one of
the incident beams is usually set to have a fixed wavelength within the visible range (e.g. 800
nm), which is not in resonance with the interfacial molecule, and the other beam is set to have a
frequency within the IR range, which is in resonance with certain vibrational modes within the
interfacial molecule. As shown in Figure 1.10, in resonant vibrational SFG, one of the virtual
levels becomes a real vibrational level. Scanning the IR frequency will achieve a SFG spectrum,
and the SFG signal intensity is usually plotted versus IR frequency to highlight the position of

the vibrational mode.
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Figure 1.10 Resonant SFG probing vibrational signatures within interfacial molecule. In
vibrational SFG, the visible wavelength/frequency is fixed, and the IR frequency can be scanned.
When the IR frequency is close to one of the vibrational transitions within the interfacial

molecule, there is an enhancement in SFG signal.

The intensity of the SF signal, I srG» 1s described in the following equation:

L6 ‘Z ‘ sl (1.13)

where vis and I p are the intensities of the incident visible and IR beams, respectively. As in

SHG, ¥ ) represents the second-order nonlinear susceptibility of the interface, which can be

1-84
further expressed as:>'™®

z<2)=z£?£+2x£ ZNR+Z wﬂr (1.14)
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(2) (2)

where Jyz and ¥ ' are the non-resonant and resonant contributions to the second-order

nonlinear susceptibility. } 1(3 ) can be expressed as a summation over all frequencies (v) with @
as the frequency of the IR beam. Av, 0, and Fv are the amplitude, frequency, and damping

coefficient of the v surface vibrational mode, respectively. The sign of the amplitude 4, can be

either positive or negative, depending on the direction of the transition dipole moment of the

- 85
corresponding mode.

The resonant second-order nonlinear susceptibility } 1(3) can be also related to the number
density of interfacial molecule (V) and the orientationally averaged molecular hyperpolarizability

(< B > ) through the following equation:**>*

20 =N(p%) (1.15)

Similar to SHG, for certain incident visible and IR lights and a well-defined interface, the
intensity of generated SFG light is mainly determined by two factors: the number density and the
net orientation of interfacial molecules. Additionally, if we assume the orientation of interfacial

molecules do not change much throughout adsorption or other interfacial processes, when the IR

frequency (@) is the same as the central frequency of a vibrational mode (@, ), the ratio

A, / [, (or the amplitude Av itself, if the damping coefficient I', does not change) is directly

proportional to the number density of molecular oscillators that are ordered at the interface.

Consequently, changes in the SFG intensity and in turn }{1(32) can be directly related to the

disappearance or appearance of interfacial molecules.
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1.3.3 Polarization-Resolved SFG

For a rotationally isotropic interface with the symmetry of C,, there are only seven non-
zero second-order nonlinear susceptibility tensor elements. By taking polarization-resolved SFG
spectra, the relative amplitude of these tensor elements can be obtained.

There are only four polarization combinations with notations of ppp, ssp, sps and pss,
respectively, for which SFG is effectively generated.®® In this type of polarization notation, the
polarizations of SFG light, visible light and IR light are arranged by the order of decreasing
energy. For example, sps polarization refers to s-polarized SFG, p-polarized visible light and s-
polarized IR light.

Under a certain polarization combination, only some of the non-zero second-order nonlinear
susceptibility elements are probed. For example, under polarization combination sps, based on
the laboratory coordinate system defined in Figure 1.4, the electric field of the incident IR light is
only polarized along the Y axis, the electric field of visible light has components polarized along

both the X axis and Z axis, and the collected SFG light is only polarized along the Y axis. So only

- 2 2 . .
two susceptibility tensor elements, £X)Y and } &Z)Y, are possible candidates to be probed; however,
2) . . . . .
X 5)()1/ is zero for a rotationally isotropic interface with the symmetry of Cw,. Consequently, only

one susceptibility tensor element Y 2 1s actually probed under the sps polarization combination.
p Y YzyY yp PSP
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n,(m)

Figure 1.11 Schematic representation of SFG in reflection geometry from an isotropic achiral

layer formed at the interface of medium 1 and medium 2. 3, ﬁ 1 and ﬁz are angles between
the surface normal and the SFG beam, visible beam and IR beam, respectively. Frequency-

dependent #;, 1, and n' are the refractive indices of the light in medium 1, medium 2 and the
interfacial layer, respectively.

As shown in Figure 1.11, visible light (with incident angle of ﬁl ) and IR light (with

incident angle of ﬂz ) are spatially and temporally overlapped on an interfacial layer, and the
SFG light (with reflected angle of ) is generated in the reflection. The expressions for the

effective second-order nonlinear susceptibility, ¥ gf), under different polarization combinations

are readily derived and shown in the following equations:***’

y4 gf)' =L, (a)SFG )LYY (a)vis )LZZ D

(@)
X E})' = LYY (a)SFG )Lzz (a)vis )LYY (wlR )Sin ﬂll Yzy
(@)

257 = Loy (0 )y (@, )Ly (0 )sin B3

257 = =Ly (05 )L (0, )L (@5 )c0s Boos B sin B, 1 (1.16)
— L (@3 )L (0, )Ly (5 )05 Bsin 3, cos B, 75
+ Ly (@55 ) (0, )L (5 )sin B cos 3, cos B, 15y
+ L, (@5 )L (@, )L, (04 )sin Bsin B, sin B, 1),

where L]] (I=X, Y, Z) is the Fresnel coefficient determined from:*’
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2n, (a)i )COS Vi

Ly (a)i - n, (a)i )COS Vv, +n, (a)i )COS B,
2n, (a)i )COS B,
Ly(ow)= n,(@,)cos B, +n, (e, )cos 7, (1.17)
— 2n, (a)i )COS B, i (a)i ) 2
Lylw)= n, (@, Jeos 7, +n, (@, )cos f, {”'(w" )

Once again the frequency dependent 72;, 1, and »n' are refractive indices of the light in medium
1, medium 2 and the interfacial layer, respectively; }; (i = SFG, visible, IR) is the refractive

angle of the i laser beam, which is derived from nl(wi)Siﬂ,B,- =h, (@-)Sin}/i. As SHG is a special

case of SFG in which the two incidence beams are identical, equation 1.16 and 1.17 are also
qualified for SHG.

As illustrated by equation 1.16, the relative amplitude of the non-zero susceptibility tensor
elements can be obtained by taking polarization-resolved SFG measurements. Consequently,

orientation analysis can be done to extract information about the interfacial molecular

()

5891 Details about relating the determined J; to the orientation of the corresponding

orientation.

vibrational mode will be discussed in chapter 5.

1.3.4 Broadband SFG

There are two types of SFG experimental set-ups with respect to the bandwidth of IR light
in the frequency domain: scanning SFG and broadband SFG.

In scanning SFG, both visible light and IR light have narrow bandwidths (< 10 cm™) in the
frequency domain. The frequency of visible light is fixed, and in order to collect an SFG

spectrum over a wide range of wavenumbers, the frequency of IR light is scanned point by point.
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In broadband SFG, the frequency-fixed visible light is also narrow in the frequency domain;
however, the IR light has a much broader bandwidth (> 120 cm™). By changing the central
frequency of the IR light, SFG spectra can be collected shot by shot. The IR power usually has a
broad Gaussian shape in the frequency domain, which can be determined by using a
spectrometer or measuring the SFG spectra from a gold surface, which exhibits strong non-
resonant SFG. Consequently, power normalization is necessary after acquiring spectra.
Nevertheless, compared with scanning SFG, it is faster to collect a spectrum using broadband
SFG.”

For all the experiments present in this thesis, SFG spectra were acquired using broadband
SFG, in which the IR pulse had a bandwidth of at least 120 cm™. Generally, most of experiments
can be done using no more than three broadband IR pulses centered at different frequencies.

Details about the experimental set-up are described in each chapter.

1.4 Applications of SHG and SFG

SHG and SFG are well-suited to study the properties of interfacial molecules at various
interfaces. As previously mentioned, resonant SHG is usually used to probe the electronic
transition, while SFG is used to probe the vibrational transition. In this section, the application of
SHG and SFG in some specific research areas will be briefly discussed.

Firstly, as surface-specific techniques, SHG and SFG signals are very sensitive to the
orientation change of interfacial molecules. By using polarization-resolved resonant SHG and
vibrational SFG, information about absolute orientation of interfacial molecules can be extracted,
which is important in the description of many chemical, physical and biological interfacial

processes. Much work has been done in determining how to relate SHG and SFG measurements
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to the orientation of specific molecules at various interfaces. Rowlen and co-worker published
the full description of orientation analysis using polarized resonant SHG.”* Wang and co-workers
quantitatively described how to do spectral and orientational analysis using polarized vibrational
SFG, and developed a set of polarization selection rules for assignment of SFG spectra.®® Phase-
sensitive SFG is a new development of SFG that provides information about the absolute

2
direction of the molecule on interest.”>”* Different from conventional SFG, in which ‘Z (2)‘ is

measured, the imaginary part of the second-order nonlinear susceptibility is directly probed in

phase-sensitive SFG by the use of a reference (local) oscillator, and therefore the complexity of

(2)

Xz can be determined. The most famous application of phase-sensitive SFG was the study

related to the interfacial structure of water.”””® The flip-flop of interfacial water molecules (i.e. a
change in orientation by ~180 degrees) was observed upon a change in solution pH or by
inverting the charge of chemical species present at the interface (for example positive or negative
surfactants).

Secondly, resonant SHG and vibrational SFG can be used to probe the kinetics of interfacial
processes.” 7> As resonant SHG or SFG signal is related to the number density of interfacial
molecules, interfacial processes such as adsorption/desorption can be followed in real-time by
monitoring the change in the signal intensity. In experiments, the resonant SHG or SFG signal is
often recorded as a function of time, in which kinetic information of the interfacial process such
as reaction order can be extracted; the signal is also recorded versus a controllable variable in the
system of interest, such as concentration, temperature and pressure, in which thermodynamic
information such as binding affinity and adsorption energy can be extracted.'” For example, by
using resonant SHG, Geiger and co-workers quantified the binding energy of the toxic metal

pollutant chromate and uranyl at different solid/water interfaces.””” In recent studies, Yan and
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co-workers successfully probed the secondary structure of a protein and its folding kinetics at
interfaces by monitoring chiral SFG as a function of time.”"'®

Thirdly, vibrational SFG can be used to follow chemical reactions at interfaces. Taking
advantage of the sensitivity of vibrational SFG in probing the presence of new chemical species,
information about reaction intermediates and the reaction mechanism can be extracted. Much
work has been done to follow chemical reactions at solid/gas and solid/liquid interfaces. For
example, Somorjai and co-workers studied oxidation, hydrogenation and dehydrogenation
reactions on metal surfaces under reaction conditions from ultra-high vacuum to high pressure

101-103
G;

using vibrational SF they also studied the oxidation of CO on platinum surfaces in

aqueous solution'™ and acetonitrile/water solutions.'” In another example, Wieckowski, Dlott

and co-workers studied ethanol oxidation at the aqueous/platinum interface.'®

With respect to
biological systems of interest, Ye and co-workers followed the enzyme-catalyzed hydrolysis

reaction of a planar supported lipid bilayer at the silica/buffer interface.'"’

()

Fourthly, for non-resonant SHG, the }" technique proposed by Eisenthal®”>>>° has been

well developed to study the acid-base properties of solid/aqueous interfaces. With respect to the
silica/aqueous interface, the silica surface is not neutral but charged at solution pH values greater

than pH 3. The surface charge induces an interfacial potential, which also interacts with

. : . . 3
interfacial water and contributes to the non-resonant SHG signal through a Y @) term. Any

change in the protonation state of surface silanols will change the surface charge density and the

interfacial potential, changing the SHG signal accordingly. The } ®) technique has wide

applications, especially in the study of the adsorption of metal cations onto silica surface, "2

and the study of specific ion effects on the acid-base properties of the silica surface.''* "
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In recent years, the application of the nonlinear optical techniques SHG and SFG has spread
into many different research areas. In material science, SFG has been used to study the surface

-
molecular structures of polymer materials,*" >’

while SH and SF scattering have been used to
study the properties of particles and droplets.''®'"” In environmental science, SHG has been used
to study the abrasion and dissolution of mineral oxides in aqueous solution,''® and the adsorption
of toxic metal pollutants on solid surfaces.”” In chemical biology, SFG has been employed to
study the properties of various components of biological systems including lipids, peptides and
proteins.”" %% 1913 SHG and SFG are also employed in microscopy applications, which

effectively probe microscopic interfacial phenomena while avoiding interference signal from

bulk phases.'**

1.5 Thesis Organization

Taking the widely used planar silica and functionalized silica as substrates, this thesis
focuses mainly on characterizing the structure and order of molecules at these solid surfaces, and
investigating the thermodynamics and kinetics of processes at both solid/liquid and solid/air
interfaces using the nonlinear optical techniques vibrational SFG and SHG.

Chapter 2 describes a study on the performance of silica supported organocatalysts using
nonlinear optical techniques. Specifically, the binding of a model reactant 4-nitroacetophenone
with amino and ureido organocatalytic monolayers on silica has been investigated at the
acetonitrile/solid interface using a combination of SHG and vibrational SFG. By changing the
ketone concentration in the bulk solvent, binding isotherms at each interface were determined
from SHG measurements. Langmuir fitting of these isotherms yielded binding energies

consistent with hydrogen bond formation. Surprisingly, the ketone had a lower binding affinity
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for ureido monolayers compared with its binding behavior at amino-modified surfaces despite
the fact that urea can form two hydrogen bonds with carbonyl groups. This lower binding affinity
was attributed to the presence of a hydrogen bond network within the ureido monolayer that
must be disrupted to facilitate ketone binding. Vibrational SFG measurements of the urea groups
in the N-H stretching region revealed two new peaks upon introduction of the ketone that were
attributed to the ketone-bound urea.

Chapter 3 describes a study of the reaction mechanism at interface using SFG. The Cu(I)-
catalyzed 1,3-dipolar azide-alkyne cycloaddition (CuAAC) has arisen as one of the most useful
chemical transformations for introducing complexity onto surfaces and materials owing to its
functional group tolerance and high yield. In this chapter, the reaction of a benzyl azide
monolayer at the silica/methanol interface was monitored in real-time using broadband SFG. A
strong peak at 2096 cm™ assigned to the azides was observed for the first time by SFG. Using a
cyano-substituted alkyne, the decrease of the azide peak and the increase of the cyano peak
(2234 cm™) were probed simultaneously. From the kinetic analysis, the reaction order with
respect to copper was determined to be 2.1, suggesting that CUAAC on the surface follows a
similar mechanism as in solution.

Chapter 4 describes monitoring the thermal dissociation of immobilized DNA duplexes
using vibrational SFG. By employing the CuAAC reaction, a thymidine 15-mer (T;5) monolayer
was immobilized on silica, which is the most common substrate for DNA chips and microarrays
in biodiagnostics. To determine the overall order and thermal sensitivity of DNA, the
interactions of the silica supported Ts strands with complementary A5 strands in solution were
studied using SFG. The methyl groups on the T;s single strand were found to be considerably

ordered at both the silica/buffer and silica/air interfaces, which was surprising as single stranded
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polythymidine does not exhibit self-stacking. The most temperature-sensitive mode was also
attributed to the methyl groups, which should experience significant reorientation upon duplex
dissociation. Fitting revealed a melting temperature that is ~ 12 °C lower than the solution-phase
melting temperature. This value of ~ 12 °C agrees exactly with previous work utilizing SHG to
monitor the thermal dissociation of a DNA 15mer at the silica/buffer interface, indicating that
immobilization on silica is quite destabilizing leading to a low dissociation temperature.

Chapter 5 describes our study of the interfacial structure of acetonitrile at the silica surface
with and without water present and as a function of pH. SFG spectra of acetonitrile in the C-H
stretch region were collected from the silica/aqueous interface at wvarious acetonitrile
concentrations. A strong peak attributed to the methyl symmetric stretch within the acetonitrile
molecule was observed in both the ppp and ssp spectra. Unlike previous studies, in which a
double-Lorentzian model was used to fit the peak, a single-Lorentzian model was found to best
fit our data. Orientation analysis suggested that the net orientation of interfacial acetonitrile
molecules did not change significantly as the acetonitrile concentration decreased. At certain
acetonitrile/water composition, increasing solution pH from a neutral value to a strongly basic
value effectively decreased the number density of interfacial acetonitrile molecules, which
correlated strongly with an increase in the amount of ordered interfacial water.

Chapter 6 describes the conclusion of this thesis and future work for related projects.
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Chapter 2

Ketone Binding at Amino and Ureido Monolayer/Solvent

Interfaces Studied by Nonlinear Optical Techniques

Portions of this chapter are reproduced with permission

from the American Chemical Society (ACS)

“Ketone Binding at Amino and Ureido Monolayer/Solvent Interfaces Studied by Nonlinear
Optical Techniques” Li Z.; Weeraman C. N.; Gibbs-Davis J. M., J. Phys. Chem. C 2014, 118,
28662-28670.
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2.1 Introduction

Green chemistry represents a synthetic paradigm that embodies the balance between
beneficial properties and hazardous side effects by emphasizing the design of low-impact,
environmentally benign synthetic stra‘[egies.125 One strategy for making catalytic reactions green
involves taking a well established soluble catalyst and immobilizing it onto a solid support;
ideally, this immobilized catalyst is stable throughout the catalytic process, can be separated
from the reaction products easily, and reused in subsequent reactions with minimal preparation.
A great deal of work has been done towards making these reusable immobilized catalysts.” 2%’
However, tethering catalysts to solid support can have deleterious effect on catalyst performance,
and the unpredictable variation in the performance of the catalysts upon immobilization, such as
activity, enantioselectivity and recyclability, still remains a major drawback in the field.'*® If we
can correlate the performance of immobilized catalyst systems with the molecular environment
around the immobilized catalyst, we should be able to address some of these shortcomings and
ultimately predict and control the behavior of such immobilized catalysts.

At the solid/solvent interface, immobilized molecules often have different properties
compared with solution bulk molecules.'® For example, homogeneous Ti-salen catalyst
complexes that are immobilized via axial coordination with surface silanol sites exhibit lower
activity and enantioselectivity than the same catalyst in solution.'” One class of techniques that
can be used to study these interfacial molecules is second-order nonlinear optical spectroscopy,
including second harmonic generation (SHG) and sum frequency generation (SFG).>* As
surface-specific techniques, they are well suited to follow processes that proceed at a variety of
interfaces.*>® SHG can be used to monitor the electronic signatures of the interface, while

vibrational SFG can be used to probe the presence and changes of vibrational signatures at the
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interface. Combining these two techniques, multiple features of an immobilized catalyst system,
such as molecular orientation and binding affinity, can be monitored in the presence of reactant
and solvent.

Compared with metal-based catalysts, organocatalysts have many advantages such as less
sensitivity to moisture and oxygen, amenability to mild reaction conditions, low cost, and low
toxicity.'*® The growing interest in “greening” catalytic reactions has led to great progress in

3134 and much work has been done towards immobilizing organocatalysts

organocatalysis,
covalently onto a wide range of solid supports, such as polymers, magnetic nanoparticles and
silica.*” 3% Among them, silica supported bases and acids are two promising types of
supported organocatalysts. For example, silica supported primary and secondary amines, as
Lewis or Brensted bases, usually perform well in catalyzing reactions related to carbanion
generation, such as the aldol and Michael reactions.” Regarding Lewis acidic organocatalysts,
urea and thiourea have been demonstrated to catalyze a multitude of reactions by activating the
carbonyl electrophile through the formation of hydrogen bonds.”’** Like other Lewis acid
catalysts, urea and thiourea have also been developed into immobilized catalysts,">” especially in
some cooperative catalysis systems.'*

Here we explore the interaction between a ketone model reactant and two kinds of silica
supported monolayer organocatalysts: basic amines and acidic urea groups by using a
combination of SHG and SFG. In this work, 3-aminopropyltrimethoxysilane (APS) and 3-
aminophenyltrimethoxysilane (APhS) were employed to make two types of amine monolayers
on silica (Figure 2.1A). For the preparation of a Lewis acidic monolayer, 3-
ureidopropyltrimethoxysilane (UDPS) was used to functionalize silica. After surface

modification, the binding of model ketone 4-nitroacetophenone at these modified silica/solvent
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interfaces was monitored by resonantly enhanced SHG (Figure 2.1B). Practically this involves
using an incident beam to illuminate the interface and generate SH light at twice the frequency of
the incident beam, which was then detected in a reflection geometry. The model ketone was
found to bind to both the basic and acidic surfaces, but the binding was stronger for the amines.
The low binding affinity of ketone for the Lewis acidic urea surface was attributed to the
competition between ketone binding and hydrogen bond formation between neighboring urea

molecules, which was supported by vibrational SFG measurements in N-H stretch region.
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Figure 2.1 (A) The basic surfaces (APS-silica and APhS-silica) and acidic surface (UDPS-silica)
under investigation. (B) The binding of model ketone 4-nitroacetophenone to the amino propyl
(APS) modified silica/acetonitrile interface studied by SHG.
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2.2 Experimental Section

2.2.1 Materials

All silanes were purchased from Aldrich while the remaining solvents and reagents were
purchased from Aldrich, VWR, or Fisher and used without further purification. To 100 mL of
toluene was added 100 pL of Millipore water, which was sonicated until it appeared clear (~30
minutes). The mixture was quickly separated into 20 mL aliquots that were capped in air-tight
scintillation vials and used when needed. Silicon (100) wafers (prime grade, 0.5 mm thickness)

were purchased from Fluoroware.

2.2.2 Self-Assembly of Monolayers

Monolayers were prepared on both silicon wafers containing a native oxide layer and silica
hemispheres. Prior to silanization, substrates were cleaned with water and methanol, followed by
drying in an oven for 10 min at 90 °C. The cleaned substrates were treated with fresh “piranha
solution” (3:1 mixture of sulfuric acid and 30% hydrogen peroxide) for 1h. (Caution: Piranha
solution is a strong oxidizing agent and reacts explosively with organic compounds.) They were
then rinsed copiously with Millipore water, and methanol. Afterwards, the substrates were placed
in an oven for 30 min at 90 °C, followed by cooling to room temperature and then plasma
cleaning (plasma cleaner, PDC-32G, Harrick Plasma) in air for 2 min. The substrates were then
immediately used in the silanization process.

Cleaned substrates were immersed in 3 mM APS, APhS or UDPS toluene solution (0.1 vol%

34141 The immersion time was 5 hours for APS and APhS, and 3 hours for

water in dry toluene).
UDPS. Then substrates were removed from the solution, rinsed rigorously with toluene,

immersed in toluene for 30 min, sonicated for 5 min, and then rinsed with a 1:1 mixture of
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toluene/methanol and methanol. Finally, the substrates were blown dry under nitrogen and used
immediately in an experiment. For characterization, X-ray photoelectron spectroscopy (XPS) and
atomic force microscope (AFM) measurements were performed on silicon wafers, while SHG

and SFG studies were performed on silica hemispheres.

2.2.3 XPS Analysis

T T T I I
380 390 400 410 420

Binding Energy (eV)

Figure 2.2 XPS analysis of the self-assembled monolayers formed on a silicon wafer.

XPS measurements were performed on samples prepared within 2 days using an AXIS

ULTRA spectrometer (Kratos Analytical) with chamber pressure lower than 3 x 10 Pa. X-ray
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was generated by a 210 W monochromatic Al K, source (hv = 1486.7 eV). The incident angle
was 35.3° from the plane of the sample surface and the photoelectron exit angle was 90°. XPS
spectra were collected for binding energies from 1100 to 0 eV at a step of 0.4 eV. The analyzer
pass energy was 160 eV.

XPS spectra are shown in Figure 2.2. After silanization, the presence of the APS, APhS and
UDPS monolayers was confirmed by the N1s peak in the XPS wide scan spectrum compared
with that of the bare wafer. The N1s peaks for all three surfaces appeared at around 401 eV in the

spectrum.

2.2.4 AFM Analysis

AFM measurements were performed on freshly prepared samples using a MFP-3D AFM
(Asylum). The AFM was operated in tapping mode with silicon cantilevers (Olympus, 300 kHz
frequency).

AFM imagings are shown in Figure 2.3. The root-mean-square (RMS) roughness values for
APS, APhS and UDPS modified silicon wafers were 0.31, 0.13, and 0.42 nm, respectively,

indicating that monolayers were achieved.
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Figure 2.3 AFM analysis of the self-assembled monolayers formed on a silicon wafer.

2.2.5 Laser System and SHG Experimental Setup

The experimental setup for SHG measurements is shown in Figure 2.4. Our laser system
consists of a Ti-sapphire oscillator (Spectra Physics, Maitai, 80 MHz), a Nd:YLF laser (Spectra
Physics, Empower) and a regeneratively amplified laser (Spectra Physics, Spitfire Pro, 1kHz,
100 fs, 3.3 W). The Maitai and the Empower were used to seed and pump the Spitfire to generate

an 800 nm beam. One-third of the Spitfire output (800 nm, 1.1 W) was used to pump an optical
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parametric amplifier (Spectra Physics, OPA-800CF) to generate a tunable visible light in the
wavelength range between 548 nm and 600 nm. The power of the visible beam was then
decreased to ~0.3 pJ by a neutral-density filter (New Focus, cat. # 5215). After passing through a
half-wave plate and a polarizer, the polarized visible beam was focused onto the modified-
silica/acetonitrile interface at an angle of 62° from surface normal. The reflection beam from the
interface was passed through a short pass filter (Thorlabs) and then directed into a
monochromator (Optometrics Corporation, Mini-Chrom, MC1-02), which was tuned to the
corresponding SH wavelength. SHG signal was detected by a photomultiplier tube (PMT,
Hamamatsu Photonics), and the amplified electric response was counted with a gated photon
counter (Stanford Research Systems). For orientation analysis, a polarizer was placed before the
PMT to select the p-polarized or s-polarized SH response.

The modified silica hemisphere (ISP optics, 1 inch diameter, QU-HS-25, UV-grade SiO,)
was mounted on a custom-built Teflon cell. The flat side of the hemisphere was perpendicular to
the laser table and in contact with the liquid phase in the sample cell. The top of the cell was
exposed so solutions with different concentrations could be introduced. Prior to each experiment,
the quadratic power dependence and appropriate bandwidth of the SHG were verified to ensure
no sample damage was occurring at the interface. In the presence of monolayers or ketone at the
acetonitrile/silica interface, we observed that prolonged measurement led to a significant increase
in signal, which we attributed to damage of organic molecules at the interface. Thus we were
careful to defocus our incident beam and measured SH for small time intervals (~50 seconds).
These intervals were repeated every few minutes to ensure that the system had reached

equilibrium.
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Figure 2.4 Schematic diagram of the experimental setup for SHG experiments.

2.2.6 Broadband SFG Experimental Setup

The experimental setup for SFG measurements is shown in Figure 2.5. Two-thirds of the
Spitfire output (800 nm, 2.2 W) was used to pump a TOPAS-C/NDFG optical parametric
amplifier (Light Conversion). The generated broadband infrared light (FWHM ~ 120 cm™) was
tunable between 3100 and 3600 cm™'. The femtosecond visible light from the Spitfire (800 nm)
was temporally broadened to picosecond (FWHM ~10 cm ') using a Fabry-Perot etalon. The
femtosecond IR beam (~10—12 pJ/pulse) and the picosecond visible beam (~10 pJ/pulse) were
overlapped spatially and temporally onto the modified-silica/deuterated acetonitrile interface at

angles of 66° and 64° from surface normal. The reflection beam was filtered with a bandpass
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filter (Chroma, HQ 617/70 M) to remove residual visible light and then passed through a
polarizer to select polarization. The polarized SF beam was focused onto a spectrograph (Acton
SP-2556 imaging spectrograph, grating: 1800 grooves/mm with 500 nm blaze wavelength),
which was connected to a camera (Acton PIXIS 100B CCD digital camera system, 1340 x 100

pixels, 20 um x 20 pum pixel size, Princeton Instruments).
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= 3100
Etalon v 3600 cm’?
100 fs
Waveplate 4
Amplifier
Tisapphire Visible
—{ Oscillator
Mai Tai e}
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Spectrograph
Cccb

Figure 2.5 Schematic diagram of the experimental setup for broadband SFG experiments.

The SFG spectra were collected using the ssp polarization combination of input and output

laser beams (s-polarized SFG output, s-polarized visible input, and p-polarized IR input). Four
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IR beams centered at 3160, 3330, 3410 and 3520 cm ' individually were employed to cover the
N-H stretch region. Reference SFG spectra from a gold-coated silica hemisphere were collected
both before and after each experiment. Spectra were then measured for the modified-
silica/deuterated acetonitrile interface using the same configuration, and normalized by summing

the spectra and dividing this summed spectrum by the sum of the gold spectra.'*?

2.2.7 Procedure of SFG Spectra Fitting
The fitting of SFG spectra was accomplished using Igor Pro software: based on the number

of vibrational modes and the corresponding peaks expected in the spectrum, a fitting function

) ) 2 2
with the desired number of resonant }(I(g) terms and a non-resonant term } ](VR) was chosen. For

. 2 .
each fit initial Av , O, Fv and Y I(VR) were estimated and then the software was allowed to

optimize all of these fit parameters; the returned values from the previous run were used as initial
values for a second run. The fitting stopped when the returned values were the same as the

previous input values. The reported amplitudes + the standard deviations were returned from the

fit.

2.3 Results and Discussion
2.3.1 Monitoring Ketone Binding with SHG Spectroscopy

Under the electric-dipole approximation, SHG is forbidden in centrosymmetric bulk
materials and consequently is sensitive to processes at the interface, where centrosymmetry is
broken.”> When the molecule adsorbed at the interface has an electronic transition that is in

resonance with the incident frequency or SH frequency, the second harmonic response will be
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significantly enhanced. Thus, we use resonantly enhanced SHG to monitor the binding of 4-

nitroacetophenone at these modified silica/acetonitrile interfaces.

As shown in equation 2.1, the intensity of SHG at an interface, I g6, is related to the
second order nonlinear susceptibility of the interface, ¥ ( ). When the incident light or SH is in

. ... - . . . (2) .
resonance with a transition within an interfacial species, J ~ can be expressed as the sum of its

_ 2 2
nonresonant and resonant contributions, } ](VR) and 1(3 ) .

12
2) Z]gz)emqﬁ

:‘ZNR

mr @.1)

Lgye = ‘Z
where A¢ is the phase difference between the nonresonant and resonant terms. For resonant
SHG at the silica/solvent interface, this phase difference is assumed to be 90°, which allows the
relative 122) to be determined from the normalized signal intensity.'* The resonant second-order
susceptibility can be modeled as the product of the number density of the resonant surface

species, N, and the orientationally averaged molecular hyperpolarizability, < S (2)> .

28 =N(pY) 2.2)

Assuming <,6‘(2)> remains constant during the adsorption process, then the resonant

susceptibility }(1({2) is directly proportional to the number density of molecules absorbed at the
interface. This linear relationship makes it very straightforward to relate the change in intensity
with the change in surface coverage of adsorbing species.

As stated earlier, many reactions utilizing amine or urea organocatalysts involve carbonyl
containing electrophiles like ketones and aldehydes. Therefore, we sought an SHG-active ketone

that we could monitor using resonantly-enhanced second harmonic generation. 4-
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Nitroacetophenone absorbs strongly at 264 nm in acetonitrile (Figure 2.6A), which is an ideal

Amax Value for our SHG experiments based on our laser assembly.
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Figure 2.6 (A) The UV-vis absorption spectrum of 4-nitroacetophenone in acetonitrile. (B) The
average SHG spectrum of 4-nitroacetophenone absorbed at the UDPS-silica/acetonitrile interface.
The spectra were collected using a 15-mM ketone solution.

To verify that the ketone exhibited resonantly enhanced SHG upon binding to the surface,
we measured the SHG from the UDPS(urea)-silica/acetonitrile interface in the presence of a 15
mM solution of 4-nitroacetophenone by monitoring the SHG intensity as a function of the
incident wavelength. Figure 2.6B reveals that the SHG intensity displayed resonant enhancement
when the incident beam had a wavelength between 548 nm and 560 nm, consistent with the UV -
visible spectrum of 4-nitroacetophenone in acetonitrile. Based on the SHG spectrum, an incident
beam of 550 £ 2 nm was chosen for our 4-nitroacetophenone adsorption studies, which

corresponded to an SHG wavelength of 275 nm.
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2.3.2 Ketone Adsorption/Desorption Traces

40 15 mM

0- | | | T |
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Figure 2.7 Adsorption/desorption trace for 4-nitroacetophenone absorbed at the APhS-
silica/acetonitrile interface. One count corresponds to approximately one second.

To assess the reversibility of ketone binding to the basic and acidic surfaces of interest,
adsorption/desorption studies were performed. First, the background signal was collected from
the functionalized silica/acetonitrile interface; then the acetonitrile in the sample cell was
replaced by a 15-mM ketone solution. As expected, the SHG signal increased substantially upon
introducing the 4-nitroacetophenone due to resonant enhancement. Next the ketone solution was
removed and the sample surface was washed repeatedly with solvent, at which point the SHG
intensity went back to the original level. This indicated that the interaction was fully reversible.

Figure 2.7 illustrates the adsorption/desorption trace for 4-nitroacetophenone absorbed at the
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APhS-silica/acetonitrile interface. The same method was used to assess the reversibility of
ketone binding to APS-silica/acetonitrile and UDPS-silica/acetonitrile interfaces, and similar

reversible interactions were observed.

2.3.3 Ketone Adsorption Isotherms

Owing to the reversibility of ketone binding with the interface, the Langmuir model of
surface adsorption can be used to describe the dependence of SHG signal on the bulk ketone
concentration. In the Langmuir model, the surface can be treated as a series of non-interacting
empty sites, and the adsorption process can be described as the binding of a ketone molecule (M)

with an empty surface site (ES) to form a filled site (FS).'**

k
M + ES = FS (2.3)

-1

The kinetic form of this equilibrium is:

AN _ C(WNpo =N) —k,N (2.4)
dt 19.15

where N is the number of absorbed ketones, IV, max 18 the maximum number of accessible surface

sites, C is the bulk concentration of ketone, 19.15 is the molarity of the solvent acetonitrile, and

k 1 and k_1 are the rate constants for adsorption and desorption, respectively.'*

When the system reaches equilibrium, the rate of adsorption equals the rate of desorption,

and ‘;—N = 0. If we define the equilibrium constant K as the ratio of the rate constants (kl / k_l ),
t

N

then the relative surface coverage can be expressed as a function of bulk ketone

max

concentration C with equilibrium constant K.'**
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N __ 1 (2.5)
N 19.15

max 1

KC

If we assume that the net orientation of the ketone does not change as a function of surface
coverage, then from equation 2.1, 2.2 and 2.5, the relationship between resonant SHG intensity

and the ketone concentration can be obtained:

2
N ﬂ(2)>
2|2 ‘ max< A
Isno =10 |2 =| =515 = 19.15Y’ 20
I+ 1+-——=
KC KC

where [ is the nonresonant SHG intensity collected when there is no ketone present in the

solution, and 4 is a constant that depends on the absolute number density and intrinsic activity of
the ketone as well as the incident electric field. The adsorption isotherms of 4-nitroacetophenone

at the APS-silica, APhS-silica and UDPS-silica/acetonitrile interfaces are shown in figure 2.8.
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Figure 2.8 Adsorption isotherms of 4-nitroacetophenone at the APS-silica, APhS-silica and
UDPS-silica/acetonitrile interfaces. Solid lines are fits with the Langmuir model (equation 2.6).

To determine the equilibrium constant, the isotherm data were fit with equation 2.6. From

these values the adsorption free energy AG,, was also easily obtained from:
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AG,, =-RTInK (2.7)

The equilibrium constants K and adsorption free energies AGads for 4-nitroacetophenone

adsorption at the APS-silica, APhS-silica and UDPS-silica/acetonitrile interfaces are summarized
in table 2.1. The equilibrium constants for the basic APS-silica and APhS-silica/acetonitrile
interfaces were 8(4) x 10% and 7(2) x 10%, respectively; the adsorption free energies were also

quite similar (~ -24 kJ/mol) at 298 K.

Table 2.1 Equilibrium Constants K and Adsorption Free Energies AGadS for 4-
Nitroacetophenone Absorbed at Functionalized-Silica/Acetonitrile Interfaces.

Interface K AG,, /kJ-mol’
APS-silica/ ACN _ 8(4)x10° 24(1)
APhS-silics/ ACN ~ 7(2)x10? 223.7(7)
UDPS-silica/ ACN  1.6(5)x10>  -19.8(8)

The interaction of the amines with the electrophilic carbon atoms of ketone could result in
the condensation of the two, resulting in imine formation.'* However, the rapid increase in SHG
signal upon adding the ketone and the reversibility of this complex indicated that imine
formation was unlikely. Instead, the calculated adsorption free energies were consistent with
hydrogen-bond formation between the amino monolayers and the ketone. This lack of
condensation is not surprising as the condensation is often promoted with the use of a small
amount of catalytic acid, which is absent in our system.'*® Additionally, amines are often

employed to activate the nucleophile rather than the electrophilic carbonyl in reactions using
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amino monolayers and have been found to not undergo condensation in the absence of acid.'*’"'*
Yet, as both the amine and carbonyl compound are present in the reaction mixture it is still
important to identify any interactions of the ketone with these monolayers for a complete
understanding of these systems.

Regarding the specificity of the hydrogen bonding interaction with the 4-nitrophenyl
substituted ketone and the amino monolayers, previous studies indicated that the oxygen atoms
in aromatic nitro groups, which are very weakly basic, are not good hydrogen bond acceptors.'*"
51 Rather the oxygen atoms on the carbonyl are far better hydrogen bond acceptors'”® and
therefore are expected to accept the amino hydrogen (N-H) from APS and APhS to form a
hydrogen bond. The determined adsorption free energies of the ketone absorbed at APS-silica
and APhS-silica/acetonitrile are on the order of one or two such bonds as a single hydrogen bond

formed by an amine donor and a carbonyl acceptor has a binding energy in the range of 11 to 17

kJ/mol."*® Although the amino groups in APS and APhS have different substituents that result in

different Brensted acidities (for alkyl amines, pKa = 38~40; for phenyl amines, pKa =

25~31)," the formed hydrogen bonds have similar bond energies.

Compared with the APS and APhS modified silica surfaces, 4-nitroacetophenone adsorption
at the Lewis acidic UDPS-silica/acetonitrile interface had a lower binding constant (1.6(5) x 102)
and adsorption free energy magnitude (~-20 kJ/mol). This lower affinity for the urea, which is

137-138, 140 s
’ was surprising. To

known to form two hydrogen bonds with carbonyl groups,
understand the lower affinity of the ketone for the ureido surface, we consider the hydrogen
bonded environment of the monolayer. Specifically, the ureido groups possess both C=0 and N-

H moieties, which are good hydrogen bond donor and acceptor components. Therefore we

propose that the UDPS monolayer on silica formed a network through hydrogen bonding of
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. . . . . . . . . . 152-153
neighboring molecules, which is consistent with observations of urea derivatives in crystals

and in organic solvents.'** Upon introducing the ketone to the UDPS monolayer, the ketone had
to break this hydrogen bond network to form new hydrogen bonds with the ureido groups, hence

lowering the magnitude of the resulting adsorption free energy.

2.3.4 Polarization Dependence of SHG Response and Average Molecular Orientation
Resonant enhanced SHG can also be used to probe the ketone orientation at these different

interfaces. For a rotationally isotropic surface, there are only three independent nonzero surface

L) (2)

second-order susceptibility tensor elements, [;77, Xz and Xy .°* ¢ 7 For SHG fields

polarized parallel to the plane of incidence (/ iw) and perpendicular to the incidence plane

(! f ¢ ), the SHG signal can be expressed as follows:® 7" 77

1(p)=Cl Sin(2y))(§§3z‘2(f °f (2.8)

2
12() = clss 28l +cos” fon Dy + sy 28 + sl - x| (°f (2.9)

where 7° is the SHG intensity, /“ is the incident beam intensity, y is the polarization rotation
angle of the incident beam (y = 0° corresponds to p-polarization and y = 90° corresponds to s-
polarization). The s; terms are constants that depend on the experimental geometry. The axis
labels X, Y and Z are of the interface coordinate system in the laboratory frame, and Z is the
surface normal. The relative amplitudes of the three nonzero tensor elements can be determined
by fitting the SHG data collected at two different polarizations as a function of incident

polarization using equation 2.8 and 2.9.
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Figure 2.9 (A) Three Euler angles (azimuthal angle ¢ , tilt angle @ and twist angle ¥ )
correlating molecular coordinate system (xyz) and laboratory coordinate system (XYZ). (B)
Only tilt angle @ is left to be determined under the assumption that a single molecular

hyperpolarizability element ,BZ(ZZZ) dominates the second harmonic signal and the molecule

exhibits uniform random distribution in ¢ and ¥ .

S 2
The surface second order susceptibility tensor elements } ) can be related to the molecular
ey - 2 .
second order susceptibility tensor elements B @) through Euler transformation. Three Euler

angles, in-plane rotation angle ¢ , tilt angle € and twist angle ¥ as shown in Figure 2.9A, are
needed to correlate molecular coordinate system (xyz) and laboratory coordinate system (XYZ).

For a rod-like molecule, it is common to assume that a single molecular hyperpolarizability

2 ) . . .
element ﬁz(zz) dominates the second harmonic signal, where z is the molecular axis, and assume

that the molecule exhibits uniform random distribution in ¢ and ¥ , so only one orientation

parameter € is left to be determined. (Figure 2.9B) In this case, the nonzero surface second

order susceptibility tensor elements have the following representations:’" ™"
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22 =N <c0s3 9>ﬂz(i) (2.10)
7 =72 :;N<cos9sin2 0)p2) (2.11)

where N is the surface number density of the absorbed molecule, € is the angle between the
molecular axis z and the interface normal axis Z, and the brackets denote the orientational
average.

Figure 2.10 shows the polarization dependence of the SH response from 4-
nitroacetophenone absorbed at the APS, APhS and UDPS-silica/acetonitrile interface. The
experiments were done using a 15-mM ketone solution. By fitting the SHG data collected at

different polarizations (p-polarized and s-polarized) as a function of incident polarization using

@ @)

equation 2.8 and 2.9, the relative amplitudes of the three nonzero tensor elements, [777, X xyz

(2)

. . . 2
and X ,yy, can be determined. In the analysis process, the amplitude of }(E&Z was assumed to

be 1, and the results are shown in table 2.2. There are two different sets of nonzero tensor

elements, and they differ in the sign of ¥ %( relative to the sign of Zﬁéy)z . From the fits, the

(2) (2)

. . . . 2 .
ratio of ¥ vy to X yyz 1s close to 1, suggesting the assumption that element ﬁz(zz) dominates the

second harmonic signal is reasonable.”” For each interface, the orientation analysis experiment

was done twice. Two tilt angles were determined for each run due to the sign difference between

(2) (2)

X7zvx and X yyz . The reported tilt angle in table 2.2 was the average of the two values

determined from fitting the polarization-dependent data.

55



1004
-6~ p-SHG response |
80 -=- s-SHG response '
o G NH2
5 60—
8
2 40— .OH
- o 0
20 4 M
‘ APS
0 - £ .'3“"
T T T T 7
0 40 80 120 160
Polarization Rotation Angle (°)
1004
-~ p-SHG response
-=- 5-SHG response
80 NH,
S 60-
‘(P.’ OH
/1y
20 -
APhS
"‘" - T I L] I T I T I ”
0 40 80 120 160
Polarization Rotation Angle (°)
60
~ NH
-e- p-SHG response 2
-= $-SHG response l O=§\IH
3
(1]
- 204 , | | /
UDPS

T T T T
0 40 80 120 160
Polarization Rotation Angle (°)

Figure 2.10 The polarization dependence of the p-polarized SHG (red) and s-polarized SHG
(green) from 4-nitroacetophenone absorbed at the UDPS-silica/acetonitrile interface. The

orientation analysis was done using a 15-mM ketone solution. The solid lines are fits with
equation 2.8 and 2.9.
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The mean tilt angle of 4-nitroacetophenone absorbed at APS-silica/acetonitrile, APhS-
silica/acetonitrile and UDPS-silica/acetonitrile interfaces are determined to be 41 + 2°, 40 + 2°
and 39 + 2° respectively. These angles are close to the magic angle of 39°, which is the
measured value that all molecules converge to as the distribution of orientations becomes more
and more broad."” This indicates there are two possibilities for the orientation of the absorbed
ketone molecule: one possibility is the ketones absorbed at all three interfaces are highly
orientated with a similar tilt angle of ~39°. The more likely possibility, however, is the ketone
orients randomly at these interfaces, resulting in a broad distribution of 6. The lack of unique
binding orientation is not completely surprising given the ability of the ketone to form one or two

hydrogen bonds with the interface.

Table 2.2 Nonzero } @) Elements and Tilt Angles 6 of 4-Nitroacetophenone Adsorbed at the
Modified Silica/Acetonitrile Interfaces.

APS (15 mM) APhS (15 mM) UDPS (15 mM) UDPS (700 mM)
x.. 1 -1 1 -1 1 -1 1 -1
2. 0.98£0.01 0.98+0.01 0.96+0.15 0.96+0.15 0.88+0.11 0.88+0.11  0.88 0.88
x.. 2424008 2.82+0.08 2.44+0.31 2.85£0.31 2.50+0.03 2.91£0.03  1.86 2.27
6 42.0+04 39.8403 41.6£0.4 39.4+0.6  40+2 3842 44 41

The orientation analysis in Figure 2.10 was done using a 15-mM ketone solution, for
UDPS-silica/acetonitrile interface, which corresponds to ~11% coverage for the UDPS
monolayer. Another orientation analysis was done using a 700-mM ketone solution at the UDPS-

silica/acetonitrile interface, which corresponds to 85% monolayer coverage. The mean tilt angle
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was determined to be 44° or 41°, which is within error for the angle determined using the 15 mM
solution (40° or 38°). This value is still very close to the magic angle of 39°, which indicates that
there is likely a broad distribution of the ketone also at high interface coverage. The agreement
between these two measurements indicates that changes in the ketone coverage rather than

changes in orientation contribute mostly to the signal change.

2.3.5 SFG Spectra in N-H Stretch Region
As previously mentioned, utilizing urea and thiourea functional groups to activate carbonyl

electrophiles is the basis of many organocatalytic systems,>’ "% 14°

which made the low affinity
of the ketone with the urea monolayer surprising. We attributed the relatively weak interactions
with our SHG-active ketone and the urea-modified monolayer (UDPS) to the presence of a
hydrogen-bonded network of the neighboring urea groups, which must break to accommodate
ketone binding. To determine whether evidence of this network could be observed

experimentally, a related vibrational nonlinear optical method, broadband SFG, was employed to

study the N-H. (Figure 2.11A) Similar to resonantly enhanced SHG, when the IR frequency is in

(2)

. . o o1 2
resonance with the N-H stretch modes at the interface, the second-order susceptibility

becomes large, leading to an enhancement in the SFG electric field.

As this is also a second-order process, the intensity of SFG is related to the surface second

order susceptibility ¥ o , and the electric fields of the IR and visible beams. This 2 is further

. 2 o 2

broken down into a non-resonant term Y ) and vibrational resonant term 2) summed over all
NR » R

possible frequencies, which is considered to possess a Lorentzian lineshape as shown below:* >

84
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=i +Z —— (2.12)

{6 OC‘Z(Z)‘Z = Z/(vzg "'27(1(2

Here @, is the frequency of the incident IR field, and AV , 0, and I, are the amplitude,

frequency, and damping coefficient of the v" surface vibrational mode, respectively. The value

of 4, may carry either a positive or a negative sign, indicating the direction of the transition

dipole moment of the corresponding mode.™

The acquisition of SFG spectra in the N-H stretch region is usually not easy because of the
disturbance of water, whose SFG spectra has two broad peaks at around 3200 cm™ and 3450 cm’
1156157 Consequently, in these experiments freshly opened deuterated acetonitrile (d;-ACN) was

used to avoid the disturbance of water.
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Figure 2.11 (A) The binding of model ketone 4-nitroacetophenone to the ureido propyl (UDPS)
modified silica/acetonitrile interface studied by SFG. (B) Gold reference spectra for the SFG
analysis. The red traces are the spectra collected at four different IR central wavenumbers and
the blue trace is the sum of these red traces.
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At the beginning of each experiment, reference SFG spectra were first collected using the
same configuration from the gold/air interface using the same type of silica hemisphere coated
with 200 nm of gold placed in the sample cell without using any solvent. As shown in Figure
2.11B, in order to study the N-H stretch in the urea group, four IR pulses were used to cover the
region from 3200 cm™ to 3500 cm™', then these spectrum were summed up to achieve a reference
spectra. The spectra at the same IR central wavelengths were measured for the modified
silica/d;-ACN interfaces. After subtracting the background, these intensity spectra were summed

up and divided by the gold reference spectra and then fit with equation 2.12.

Table 2.3 SFG Spectra Fitting Parameters in the N-H Stretch Region at the UDPS-silica/d;-ACN
Interface.

o /em? OmM’ 40 mM 200 mM "

4, I, 4, I 4, I
3282 4(2) 67(15)  2.16(9) 67 0.60(9) 67
3344 3.83) 39(1)  2.783) 39 - -
3373 - - -1.12(3) 33 -2.25(8)  33(1)
3429 2.7(2)  432)  -2.26(4) 43 - -
3471 - - 1.36(6) 47 3.03)  4703)
2 0.148(7) 0.1455(6) 0.137(1)

*The 0 mM spectrum was fit with three Lorentzian peaks allowing all @, , Av, r ,and ¥ 1(\,213

values to vary. ®The 200 mM spectrum was fit with three Lorentzian peaks with the ®, and FV
values for the 3282 cm™ peak held based on those found for the 0 mM spectrum. “The 40 mM

spectrum was fit with five Lorentzian peaks with all @, and I, values held based on those

found for the 0 mM spectrum and the 200 mM spectrum. The notation 3.8(3) refers to 3.8
plus/minus 0.3, which is the average value plus/minus the standard deviation.

60



Normalized SFG spectra in the N-H stretching region at the UDPS-silica/d;-ACN interface
in the presence of different concentrations of ketone (0 mM, 40 mM and 200 mM) were shown

in Figure 2.12B. The spectra were fitted with equation 2.12 and the fitting parameters are shown

in table 2.3.
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Figure 2.12 (A) IR spectra of UDPS in acetonitrile. (B) SFG spectra in the N-H stretching region
at the UDPS-silica/d;-ACN interface in the presence of 0 mM, 40 mM and 200 mM 4-

nitroacetophenone. The solid lines are fits with equation 2.12. All SFG spectra were collected
with the ssp polarization combination.
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Figure 2.12A illustrates the IR absorbance spectrum of 3-ureidopropyltrimethoxysilane in
acetonitrile; there are three N-H stretch modes present. The peaks at ~3350 cm™ and ~3450 cm™
have been assigned to the symmetric stretch mode (ss-NH;) and the asymmetric stretch mode
(as-NH;) of the —NH, group on the urea based on IR assignments in the literature for
unsubstituted urea.'”® We tentatively assign the third peak at ~3220 cm™ to the N-H stretch of the
R-NH-C(O) portion of urea bound directly to the surface. Figure 2.12B illustrates the SFG
spectra at the UDPS-silica/d;-ACN interface in the presence of different concentrations of ketone.
When there was no ketone in the solution (0 mM), the spectral fit identified three peaks with
frequencies of 3282, 3344, and 3429 cm’™, consistent with the IR spectrum, which were
consequently assigned to the N-H stretch for the disubstituted nitrogen in the urea and the
symmetric (ss-NH) and asymmetric (as-NH,) stretch of the terminal NH, group, respectively.
The peak amplitudes for the symmetric and asymmetric stretch of the terminal NH, groups have
opposite sign, indicating these two modes are out of phase.'”

Upon adding ketone, however, the amplitudes of the peaks and the overall shape of the
spectrum changed significantly. From the fit, two new peaks became apparent: one at 3373 cm™,
the other at 3472 cm™, which were assigned to the symmetric and the asymmetric stretch of the
NH; bound to the ketone, respectively. The presence of new peaks attributed to the ketone-bound
urea supports that binding significantly changed the local environment of the urea. Moreover, the
shift to higher wavenumbers indicated that weaker hydrogen bonds formed with the ketone than
with neighboring urea sites, as increased hydrogen-bonding corresponds to lower vibrational
wavenumbers.'>’ This shift supports our hypothesis that the urea groups form a stable hydrogen-
bonded network that the ketone disrupts upon binding (Figure 2.13). We also observed that the

peak amplitude changed sign for the bound versus unbound NH, groups, resulting in
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deconstructive interference in the spectra, which supports that binding to the ketone led to
significant reorientation of the urea’s terminal NH, group. Finally, we note that our assignment
of symmetric and antisymmetric modes for the hydrogen-bonded urea presupposes that the
hydrogen-bonding preserves C,, symmetry. In contrast, a previous SFG investigation of urea at
the air/water interface observed only one mode rather than the two observed in the IR
spectrum,® which may stem from the different orientation or hydrogen-bonding environment of

the molecule at this interface.
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Figure 2.13 Schematic representation of surface urea orientation before (A) and after (B) ketone
binding.
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2.4 Conclusion

In this project, we investigated the binding behavior of a model ketone at silica supported
basic and Lewis acidic monolayer surfaces using SHG and SFG. The binding at both types of
monolayers was consistent with hydrogen bond formation between the donor group on the
monolayer surface and the acceptor ketone molecule. Compared with its behavior on silica
supported amino monolayers, the model ketone has a lower binding affinity at the silica
supported urea monolayer despite the widespread use of urea organocatalysis in catalytic
activation of carbonyl compounds. The lower binding affinity was attributed to the formation of
a hydrogen bond network within the urea monolayer that must be disrupted to facilitate ketone
binding. SFG data in the N-H stretch region indicated that ketone binding led to weaker
hydrogen-bonds than those formed in the network and that binding led to an orientation change
of the urea molecules. Overall, the SFG results shed light on the lower binding affinity observed
by SHG. Finally, this investigation highlights how the combination of SFG and SHG is useful
for studying the interactions of well-defined immobilized catalysts to better understand how the

intrinsic affinity of the immobilized catalysts for the reactants influences the overall activity.
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Chapter 3

Following the Azide-Alkyne Cycloaddition at the

Silica/Solvent Interface with Sum Frequency Generation

Portions of this chapter are reproduced with permission

from Wiley-VCH

“Following the Azide-Alkyne Cycloaddition at the Silica/Solvent Interface with Sum Frequency
Generation” Li Z.; Weeraman C. N.; Gibbs-Davis J. M., ChemPhysChem 2014, 15, 2247-2251.
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3.1 Introduction

Silica is one of the most commonly used substrates for materials applications owing to its
transparency to visible light, cost effectiveness, and stability to water and organic solvents. The
surface modification of silica is also straightforward resulting in covalently attached molecules

with a variety of functions stemming from immobilized homogeneous catalysts’ >+ '**

to capture
biomolecules.'®'®!" Consequently much work has been focused on making diagnostic devices
and catalytic materials on silica using glass slides or silica particles or gels. One challenge in
optimizing these materials, however, is the difficulty in monitoring the functionalization process
using real-time methods. As silica is an insulator, it is not amenable to the most common real-

2 As a result, little is

time methods like electrochemistry and surface plasmon resonance.'®
known about the dynamics of covalent reactions at the silica/liquid interface despite their
significance.

One class of techniques that is uniquely well suited to monitor processes at such buried
interfaces is second-order nonlinear optical spectroscopy,”™ " >* ' because of its intrinsic
surface selectivity and accessibility to a variety of different solids, from polymers*’ and metals'"’
to silica and other mineral oxides."”’ Vibrational sum frequency generation (SFG) is one such
second-order process that has been widely utilized to follow covalent reactions at the silica/gas

. 164
interface!®

and at catalytic metal surfaces under reaction conditions from vacuum to high
pressure.'” The buried metal/liquid interface has also been explored albeit less frequently using
this technique. For example, Somorjai and co-workers monitored the oxidation of CO on
platinum surfaces in aqueous solution'® and acetonitrile/water solutions'® by SFG in

combination with cyclic voltammetry. Similarly, Wieckowski, Dlott and co-workers used

broadband SFG to study ethanol oxidation'” at the aqueous/Pt interface. With regard to oxide
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interfaces like silica, Ye and co-workers recently used SFG to study the dynamics of an enzyme
catalyzed hydrolysis reaction of a phospholipid bilayer supported on planar silica.'”” However,
covalent reactions of monolayers at the silica/solvent interface have not been explored using this
technique despite its suitability.

One of the most tremendously widespread chemical transformations in materials chemistry
is the Cu(I)-catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition (CuAAC) developed by

5

Fokin and Sharpless'® and Meldal.'®® Due to its high yield, functional group tolerance,

reasonable reaction rate, and lack of by-products, this reaction has been employed to

168-169

. . . . . 1 . . 170-
functionalize many materials including polymers,'®” biomacromolecules, nanoparticles' "

172

I"and mesoporous supports.'’* It also has been utilized to introduce different functional groups

162173174 and other planar surfaces.'””" In addition to the staggering

into monolayers on silica
number of examples of utilizing CuAAC to introduce function into materials, the mechanism of
the reaction has also been of research interest. Beginning with the original study of CuAAC by
Sharpless and co-workers,'® much work has been devoted to determining the mechanism of
CuAAC in solution."””"® Multiple kinetic studies now support that the reaction is second-order
in copper when performed at submillimolar copper concentrations.'®' "> '8 Additionally, a
recent isotope labelling study indicates that the rate determining step involves a binuclear copper
complex containing one copper-acetylide and another copper coordinated to both the azide and
the acetylide species.'™ However, the mechanism of surface CuAAC, particularly on silica
surfaces, is less well understood given the challenges in monitoring insulator interfaces. For
semi-conductor and metallic substrates, the reaction appears to be first-order in azide for azide

monolayers prepared on germanium'® and gold.'® Yet, the order of reaction with respect to

copper has not been determined for any example of surface CuAAC.
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Figure 3.1 Monitoring CuAAC at the solid/liquid interface using broadband sum frequency
generation.

In this project, the Cu(I)-catalyzed 1,3-dipolar azide-alkyne cycloaddition of an azide
monolayer immobilized at the silica/methanol interface was directly monitored using sum
frequency generation spectroscopy (Figure 3.1). The azide vibrational mode, never before
observed by SFG, provides very strong signal indicating that it is an exceptional molecular
handle for monitoring interfacial species by this technique. Finally, the dependence of the
reaction profile on the catalyst concentration in solution has been evaluated, which indicates that

the reaction on silica is second-order in copper.

3.2 Experimental Section

3.2.1 Materials
1-Hexyne, 5-hexynenitrile, copper(Il) sulfate pentahydrate, and (+)-sodium L-ascorbate

were purchased from Sigma-Aldrich; p-azidomethylphenyltrimethoxysilane (>90%) was
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purchased from Gelest. These chemicals were used without further purification. HPLC grade
methanol was purchased from Fisher Chemical and ultrapure deionized (18.2 MQecm) water was

used shortly after deionization by a Milli-Q-Plus ultrapure water purification system (Millipore).

3.2.2 Preparation of SiO; Thin Films on a CaF, Hemisphere

As shown in Figure 3.2, the IR spectrum of p-azidomethylphenyltrimethoxysilane exhibits a
strong absorption at ~ 2100 cm™, which was assigned to the azide asymmetric stretch mode.'”*
"7 This mode has been also observed in the Raman spectrum.'® '™ Although the azide

asymmetric stretch mode is both IR and Raman active, it has never been directly observed by

SFG.
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Figure 3.2 IR spectrum of p-azidomethylphenyltrimethoxysilane. The strong absorption at

around 2100 cm™ was assigned to the azide asymmetric stretch according to the literature.'”* '
188

In order to probe the azide asymmetric stretch mode using SFG spectroscopy, the

broadband IR pulse should be centered around 2100 cm™. In SFG experiments, the most

69



commonly used solid substrate is IR grade SiO,; however, it has a transmission range of 0.18-3.5
microns, or 2857-55556 c¢m™!, which does not cover the region around 2100 cm™. To solve this
problem, a CaF, hemisphere, which has a transmission range of 0.15-9.0 microns, or 1111-66667
cm’', was used as solid support. As surface silanol groups are required for the silanization of p-
azidomethylphenyltrimethoxysilane, a SiO; thin film was deposited on top of the flat side of the
CaF; hemisphere.

The formation of the SiO, film was achieved by electron beam vapor deposition using the
method published by Ishibashi and co-workers.'™ A schematic graph of the modified CaF,
hemisphere is shown in Figure 3.3. In order to increase the strength of the deposited SiO,, a 3-
nm Si layer was introduced between CaF, and Si0,." The thickness of the SiO, film was 125

nm.

OH OH OH OH OH OH , 125mSiO;fim
[ S A B

| — 3 nm Si layer

CaF

Figure 3.3 Schematic figure of the SiO, deposited CaF, hemisphere. A 3-nm Si layer was
introduced between CaF, and SiO,."* The thickness of the SiO5 film was 125 nm.

The effectiveness of the generation of the SiO, film was verified by immersing the flat
surface of the hemisphere with octadecyltrichlorosilane (ODS) toluene solution and then
acquiring SFG spectra in the C-H stretching region. Practically, the flat surface of the

hemisphere was immersed in an ODS/anhydrous toluene solution (1% v/v) at room temperature
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for 10 min, then rinsed with toluene several times. Next, the hemisphere was air-dried and heated
in an oven at 90 °C for 20 min.

SFG spectra from the air/ODS-Si0,-CaF; interface are shown in Figure 3.4. Both ppp and
ssp spectra exhibit strong signal intensity in the C-H stretching region, which mainly originates

190-191

from the terminal methyl groups in the ODS layer formed on the surface. The strong signal

intensity indicated a SiO; film was effectively generated on top of the CaF, hemisphere.

CH,-sym

CH3-Fermi

ssp

2840 2880 2920 2960 3000
IR Frequency (cm™)

Figure 3.4 Normalized SFG spectra collected at the air/ODS-Si0,-CaF; interface under both ppp
and ssp polarization combinations. Three dominate peaks were observed, which originate from
the terminal methyl groups in the surface ODS molecule. The peak at ~ 2880 cm™ was assigned
to methyl symmetric stretch (CHjz-sym), the peak at ~ 2940 cm’ was assigned to Fermi
resonance of methyl symmetric stretch (CHs-Fermi), and the peak at ~ 2970 cm™ was assigned to
methyl asymmetric stretch (CHs-asym)."**"!
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3.2.3 Preparation of Organic Azide Self-Assembled Monolayers

The azide monolayer was prepared according to our previously published method'*' using
commercially available p-azidomethylphenyltrimethoxysilane. Briefly, the flat surface of the
CaF, hemisphere was immersed in 3 mM p-azidomethylphenyltrimethoxysilane toluene solution
(0.1 vol% water in dry toluene) for 4 hours. Then the silane solution was removed, and the
hemisphere was rinsed rigorously with toluene, immersed in toluene for 30 min, sonicated for 5
min, and then rinsed with a 1:1 mixture of toluene/methanol and methanol. Finally, the

hemisphere was blown dry under nitrogen and used immediately in an experiment.

3.2.4 Laser System and SFG Experimental Setup

Details about the SFG setup have been described in chapter 1. Briefly, as shown in Figure
3.5, our laser system consists of a femtosecond Ti:sapphire oscillator (Spectra-Physics, Mai Tai,
80 MHz), a Nd:YLF pump laser (Spectra-Physics, Empower) and a regeneratively amplified
laser (Spitfire Pro, Spectra-Physics, 1 kHz, 100 fs, 3.3 W). Two-thirds of the output of the
Spitfire (2.2 W) was used to pump a TOPAS-C/NDFG optical parametric amplifier (Spectra-
Physics). The resulting broadband infrared light was tuned between ~2000 to 3000 cm '
depending on the experiment. To generate visible light that was broadened to a picosecond pulse
(FWHM ~10 cm '), we passed the Spitfire output through a Fabry-Perot etalon. The
femtosecond IR light (~10-12 pJ/pulse) and the picosecond visible light (~10 pJ/pulse) were
focused through a CaF, hemisphere (ISP optics, 1 inch diameter, CF-HS-25) at angles of 66° and
64°, respectively, from surface normal. The flat side of the CaF, hemisphere was coated with

silica (125 nm) and then modified with a benzyl azide monolayer. This hemisphere was placed

on a custom-built steel cell so that the flat surface of the hemisphere was perpendicular to the
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laser table surface and in contact with methanol. Details about this sample cell have been
described.'®® Reagent solutions were added via syringe, and the reaction mixture was mixed by
drawing up and releasing the syringe several times. The SFG spectra at the functionalized
silica/methanol interface corresponded to p-polarized SFG, p-polarized incident visible light and
p-polarized incident IR light. Each spectrum was integrated for 1 minute and referenced to the
spectrum collected from a CaF, sample containing a gold thin film in contact with air by dividing

the spectrum from the azide monolayer by the gold spectrum.

p TOPAS NDFG
800 nm
100 fs 1 800nm, 2~3 ps
L 2000
Etalon s’ 3000 cm™!
100 f
Waveplate 4 ®
Amplifier
Ti:sapphire Visible
1 Oscillator
Mai Tai O
| Filter
Polarizer Sample
Nd:YLF cell
Empower
Spectrograph
CccD

Figure 3.5 Schematic figure of the SFG experimental setup.
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3.2.5 Monitoring CuAAC at the Interface with SFG

SFG was monitored at the air/gold/CaF, interface typically with an integration time of 20
seconds. The gold-coated hemisphere was then replaced with the azide-modified hemisphere,
which was placed in contact with methanol in on our custom-built cell, and the SFG was
monitored with the same incident IR and an integration time of 1 min. Next methanol was
removed from the cell via syringe and the sample cell was filled with the alkyne methanol
solution (1.2 mL) followed by certain amounts of the CuSO4 in methanol and sodium ascorbate
in water to reach the final desired concentrations of alkyne (1.50 mM) and CuSO4 and sodium
ascorbate. The solution was mixed by pulling and dispensing the reaction mixture into the
syringe several times at which point the reaction time was started. The alkyne solution, the 5-
mM CuSO4 methanol solution and 10-mM sodium ascorbate aqueous solution were freshly

prepared as stock solutions right before every experiment.

3.2.6 Procedure of SFG Spectra Fitting
The fitting of SFG spectra was accomplished using Igor Pro software: based on the number
of vibrational modes and the corresponding peaks expected in the spectrum, a fitting function

(2)

. . 2
with the desired number of resonant }(I(Q) terms and a non-resonant term J,z was chosen. For

L 2 .
each fit initial Av , O, Fv and )(},R) were estimated and then the software was allowed to

optimize all of these fit parameters; the returned values from the previous run were used as initial
values for a second run. The fitting stopped when the returned values were the same as the
previous input values. The reported amplitudes + the standard deviations were returned from the

fit.

74



3.3 Results and Discussion

3.3.1 SFG Spectra of Azide

The surface selectivity of sum frequency generation is intrinsic to the process as SFG is
forbidden in centrosymmetric media but allowed in non-centrosymmetric media under the
electric-dipole approximation.”> For molecules oriented at an interface, centrosymmetry is
broken. Consequently SFG can be used to study the kinetics of processes for these interfacial
molecules, while effectively ignoring molecular species in the bulk phase not associated with the
interface. For a molecule to be SFG active it must possess a vibrational mode that is both Raman

and IR active.”’ The azide stretch meets this criteria,' "~ '*?

so we hypothesized that it would be
observable by SFG.

A benzyl azide monolayer was prepared on silica according to our previously published
method.'*' As fused silica is opaque in the region where the azide stretch is located (~2100 cm™),
we prepared a SiO; thin film on a CaF, hemisphere using the method of Ishibashi and co-
workers.'® The functionalized Si0,/CaF, hemisphere was then placed in contact with methanol
in our custom-built cell and the broadband SFG was measured. We were pleased to observe a
very strong transition at 2096 cm™ that we assigned to the azide stretch. Moreover, the range of
azide excitation was completely captured by the width of the IR pulse (FWHM ~ 120 cm™). This
allowed us to monitor the azide stretch in real time without varying the incident IR frequency.

Before performing an experiment, reference SFG spectra were first collected from the
gold/air interface (Figure 3.6A) using the same type of CaF, hemisphere coated with 200 nm of

gold placed in the sample cell without methanol. Then the spectrum at the same IR central

wavelength was measured for the azide modified hemisphere/methanol interface (Figure 3.6A).
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After subtracting the background, the intensity spectra were divided by the gold reference spectra

and then fit with:*"'*

(2>‘2

Lspo |y =z +Z 3.1)

-, +1F

=\ +Zz§

(2) (2)

where Yz and Y, are the non-resonant and resonant contributions to the second-order

(2)

susceptibility, and J;  can be expressed as a summation over all frequencies (v) with @z as

the frequency of the incident IR field, 4, o, and I', as the amplitude, frequency, and damping

coefficient of the v surface vibrational mode, respectively. The normalized SFG spectrum of

azide was shown in Figure 3.6B.
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Figure 3.6 Normalization of azide SFG spectra. (A) The SFG spectrum collected at the CaF;-
gold/air interface and the SFG spectrum collected at the CaF,-SiO;-azide/methanol interface

using the same IR pulse. (B) Normalized azide SFG spectrum and theoretical fit with equation
3.1.
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When the IR frequency matches the center frequency of a vibrational mode, the peak

amplitude, A, , can be related to the number density of the corresponding oscillators N,
according to:

A, < N (B%) (3.2)
where <ﬁ(2)> is the hyperpolarizability averaged over all molecular orientations. Assuming
<ﬁ(2)> remains constant with coverage, then the amplitude 4, is directly proportional to the

number density of molecular oscillators that are ordered at the interface. Consequently, changes

: . : . 2 . .
in the SFG intensity and in turn ) @) can be directly related to the disappearance or appearance

of interfacial reactants.
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Figure 3.7 Normalized SFG spectra collected at the CaF,-SiO,-azide/methanol interface under
ppp and ssp polarization combinations.

Figure 3.7 shows the normalized SFG spectra measured for the azide modified

hemisphere/methanol interface under ppp and ssp polarization combinations. The azide modified
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Si0,-CaF, hemisphere possesses symmetry of Coov, and there are only three unique non-zero

@ 0 (_ (2) )

second-order nonlinear susceptibility tensor elements, which are ¥, ¥ v/ \= m) and [z ,>*

69- 73 Under ppp polarization combination, all three elements are probed, while under the ssp

polarization combination, only ;(ﬂfx)z is probed. As shown in the figure, under the ppp

polarization combination, the azide asymmetric stretch peak has much stronger SFG intensity.
For kinetic analysis, SFG spectra under the ppp polarization combination were collected due to

the relatively high intensity.

3.3.2 CuAAC between Azide Monolayer and 1-Hexyne

As shown in Figure 3.8, the first CUAAC we studied was the reaction between the azide
monolayer and 1-hexyne, in which copper sulfate, and the reducing agent sodium ascorbate were
used to generate the Cu(l) catalyst. In the presence of 1-hexyne, copper sulfate, and sodium
ascorbate, the azide peak completely disappeared after five hours (Figure 3.8). After fitting, the
normalized peak amplitude, which is proportional to the number density of the surface azide
molecule, was plotted versus time revealing a sharp decrease during the course of the reaction
(Figure 3.9). In contrast, the azide peak amplitude remained prominent after being exposed to
only 1-hexyne and copper sulfate for five hours in the absence of sodium ascorbate, which
indicated that the disappearance of the azide was due specifically to the copper-catalyzed

cycloaddition at the interface.
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Figure 3.8 (A) The CuAAC of 1-hexyne with the azide-modified monolayer. (B) Normalized
SFG spectra as a function of time revealing the azide stretch (2096 cm™). The lines are the fit of
equation 3.1 to the data. Reaction Conditions: [1-hexyne] = 1.50 mM; [CuSO4] = 0.021 mM,
[sodium ascorbate] = 0.042 mM.
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Figure 3.9 Normalized azide peak amplitude as a function of time during the reaction of the
azide monolayer with 1-hexyne. The line represents the fit using equation 3.1. Reaction

Conditions: [1-hexyne] = 1.50 mM; [CuSO4] = 0.021 mM, [sodium ascorbate] = 0.042 mM.
Under this condition, the apparent rate constant was determined to be 0.0229 + 0.0001 min™".

To quantify the rate of this reaction and gain information about the order of the reaction in
azide, the normalized azide peak amplitude versus time was fit with a pseudo-first-order rate law

(Figure 3.9), which has an expression as follows:

Alr)=e (3.3)
where k' is the apparent rate constant. The pseudo-first-order rate law fit the kinetic data well,
indicating that under the given reaction conditions, the CuAAC is first order in the surface azide.
As the alkyne was in large excess relative to the azide, the reaction rate only changed throughout
the reaction as azide was consumed consistent with pseudo-first order conditions.

SFG spectra in the C-H stretching region for the benzyl azide monolayer before and after

reaction with 1-hexyne were also collected. Before the reaction the most prominent peak was
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present at ~ 2840 cm’, attributed to the methylene symmetric stretch of the benzyl group (Figure
3.10A). After CuAAC, a new peak at 2870 cm™ appeared associated with the methyl group
symmetric stretch (Figure 3.10B). The broad peak between 2910 cm™ and 2950 cm™ also
changed in intensity owing to contributions from the Fermi resonance of the methyl stretch and

the asymmetric stretch of the additional methylene groups present in the butyl substitution on the

triazole.
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Figure 3.10 SFG spectra in the C-H stretch region. (A) Normalized SFG spectra for the benzyl
azide monolayer at the solid/air interface under ppp and ssp polarization combinations. (B)
Normalized SFG spectra of the same monolayer after reaction with 1-hexyne for ~ 5 hours under
ppp and ssp polarization combinations. After reaction, the sample surface was rinsed with
methanol several times and then dried under N,. Each spectrum in A and B had an integration
time of 5 min. Reaction Conditions: [1-hexyne] = 1.50 mM, [CuSO4] = 0.021 mM, [Na
ascorbate] = 0.042 mM.

3.3.3 CuAAC between Azide Monolayer and 5-Hexynenitrile
As shown in Figure 3.11, the second CuAAC we studied was the reaction between the azide
monolayer and 5-hexynenitrile, where once again copper sulfate, and the reducing agent sodium

ascorbate were used to generate the Cu(I) catalyst.
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Figure 3.11 (A) CuAAC of 5-hexynenitrile with the azide-modified monolayer. (B) Normalized
SFG spectra as a function of time in the azide (left) and the cyanide (right) stretch region. The
lines are the fit of equation 3.1 to the data. The peak at 2166 cm™ is tentatively assigned to the
unreacted alkyne functional group. Reaction Conditions: [5-hexynenitrile] = 1.50 mM; [CuSO4]
= (0.06 mM, [sodium ascorbate] = 0.12 mM.

5-Hexynenitrile possessed a cyano group with a vibrational mode close to that of the azide

(CN: ~ 2230 cm™). Therefore, IR pulses centered at two different frequencies covering the range
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between 2000 cm™ and 2300 cm™ were alternated every minute using our computer-controlled
OPA (TOPAS), which allowed us to probe the azide peak and cyano peak nearly simultaneously
(Figure 3.11). The cyano peak was observed to have a central frequency of 2234 cm™ similar to
reported values from other SFG studies of CN groups at interfaces.'”*'”> As expected, no
contribution from the cyano peak was observed in the absence of catalyst despite its presence in
the solvent phase, which supports that the cyano groups only became oriented upon reacting with

the surface monolayer.

3.3.4 Identification of the Peak at 2166 cm™

Between the azide peak and the cyano peak, a new peak was also observed at 2166 cm™
(Figure 3.11 and 3.12A), and its intensity increased as the reaction proceeded. We found that
washing the surface with methanol several times significantly reduced the intensity (Figure
3.12B). In order to determine its origin, control experiments were done. The completely reacted
surface was treated with 5-hexynenitrile methanol solution for 20 min, and then SFG spectra
were then collected from the solid/liquid interface (Figure 3.12C), which did not lead to the
reappearance of the peak at 2166 cm™. However, upon introducing copper sulfate and sodium

ascorbate with 5-hexynenitrile the peak reappeared (Figure 3.12D).
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Figure 3.12 Un-normalized SFG spectra from: (A) a completely reacted benzyl azido monolayer
with 5-hexynenitrile; (B) after washing the same surface several times with methanol; (C) after
introducing 1.50 mM 5-hexynenitrile; (D) after introducing 1.50 mM 5-hexynenitrile, 0.06 mM
copper sulfate and 0.12 mM sodium ascorbate. The same sample was used in A-D and was

washed several times with methanol between the spectra collected in part C and D. Each
spectrum had an integration time of 1 min.

Based on these observations, we attributed this peak to an alkyne present at the interface,
although it appeared ~30 cm™ higher than what has been previously observed for propiolic acid
by SFG."° This peak, however, was not observed in the SFG spectra after reaction with 1-
hexyne. We reason that it was only observed for the reaction with 5-hexynenitrile owing to the
cyanide group and its ability to form a coordination complex with metal ions at the interface.””
203

If this complex contains the cyanide on the surface and a copper ion coordinated to another

unbound 5-hexynenitrile through the CN group, it results in an unreacted alkyne at the interface
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(Figure 3.13). This metal-ligand complex would be weakly associated, so the unreacted alkyne

would be rinsed away with methanol washes.
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Figure 3.13 Schematic figure describing the origination of the peak at 2166 cm™. The cyanide
on the surface coordinates with a copper ion, which coordinates to another unbound 5-
hexynenitrile through the cyanide group, resulting in an unreacted alkyne at the interface.

3.3.5 Reaction Order with Respect to Copper Catalyst

For the reaction between azide monolayer and 5-hexynenitrile at the interface, to determine
the reaction order with respect to the copper catalyst, the copper concentration was varied. A
similar approach for assessing the order of reaction for one of the solution-phase components
was reported for the Diels-Alder reaction on gold.””* As expected the decay of the azide peak
occurred more quickly upon increasing the copper sulfate and sodium ascorbate concentration.

As previously discussed, the mechanism of this click reaction has been widely studied in
solution and has been found to be first order in azide and second order in copper.'® To assess the

reaction order at the interface, the amplitude of the azide and cyano peaks were determined from
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separately fitting the SFG spectra corresponding to the two incident IR frequencies. The
normalized peak amplitudes were plotted versus time, which revealed that the cyano peak
increased while the azide peak decreased during the course of the reaction (Figure 3.14). The
disappearance of the azide peak and the appearance of the cyano peak fit well to a first order rate
law (Figure 3.14), indicating that the catalyst and the alkyne in solution were in great excess

compared with the azide on the surface resulting in pseudo-first-order kinetics.'’"- 18186
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Figure 3.14 The normalized (A) azide and (B) cyano peak amplitudes versus reaction time, and
the corresponding fits with a pseudo-first order rate equation at high (filled) and low (hollow)
catalyst concentrations. Reaction Conditions: [5-hexynenitrile] = 1.50 mM; [CuSO4] = 0.06 mM,
[sodium ascorbate] = 0.12 mM (lower concentration); [CuSO4] = 0.10 mM, [sodium ascorbate] =
0.20 mM (higher concentration).
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In Figure 3.14, the normalized azide peak amplitude versus time was fit with equation 3.3;
similarly, the normalized cyano peak amplitude versus time was fit with a pseudo-first-order rate

law with the expression as follows:
Al)=1-¢™" (3.4)
where k' is the apparent rate constant. This form of the integrated rate law is suitable for

interpreting the formation of the product rather than the exponential decay of the reactant.

Table 3.1 Apparent Rate Constants &' Determined from the Fitting of the Normalized Azide
Peak Amplitude versus Time under Different Copper Concentrations. (Corresponding fittings are
shown in Figure 3.14A.)

Copper concentration / mM k' / min™
0.06 0.026 £ 0.001
0.10 0.076 £ 0.006

The general rate law for CUAAC can be expressed as follows:

r = k[dzide]'[Allyne [ [Copper] (3.5)

where £ is the rate constant, and a, b and c are the reaction orders with respect to reactant azide,
alkyne and catalyst copper, respectively. When the surface azide is the limiting reagent, equation

3.5 can be modified as follows:
r=k'|Azide|' (3.6)
r - . . ' b c
where k' is the apparent rate constant, which has an expression of & Zk[Alkynaf [Copped

and is the same as the apparent rate constant determined from fitting.
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The apparent rate constants determined from fitting in Figure 3.14A are shown in table 3.1.
Specifically, when the concentration of the copper ion was increased by a factor of 1.7 (from
0.06 mM to 0.10 mM), the pseudo-first-order rate constant was found to increase from 0.026 *
0.001 to 0.076 £ 0.006 min™. This factor of 2.9 indicated that the reaction order for copper ion
was 2.1, which is consistent with the value of two found for the reaction in solution.'®! A similar
value was determined from the cyano peak amplitude data (Figure 3.14B). The fact that the
surface reaction is also second order in copper, as observed in solution, suggests that two copper
ions are present in the rate-determining step on the surface despite the more crowded

environment.

3.4 Conclusion

In conclusion, we have found that the azide group and its reactivity can be followed in real
time using vibrational SFG. By tuning the catalyst concentration, the time required to completely
react the azide monolayer can be reduced to one hour. Additionally, kinetic analysis reveals that
the surface reaction is second order in copper and first order in azide similar to the reaction in
solution. This study lays the groundwork for further investigations of the mechanism of the
interfacial click reaction and how parameters such as monolayer orientation influence the surface
reactivity. Moreover, it establishes that SFG spectroscopy is well suited to follow the dynamics
of monolayer reactions at buried oxide/liquid interfaces.

Finally, we note that the azide group resulted in much stronger SFG intensity than the cyano
group. The unique vibrational signature of cyano groups and their SFG activity have made this
group useful in monitoring the position and orientation of specific molecules at the interface.'”*

199, 205206 A5 the azide is bio-orthogonal (i.e. unreactive with functional groups that occur in
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biological systems), and possesses a vibrational stretch with C,, symmetry in an uncongested
region of the IR spectrum like CN, it is also a suitable candidate for such labeling experiments.

Moreover, its strong SFG activity indicates that it is an even better label than cyanide.
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Chapter 4

The Thermal Reorganization of DNA Immobilized at the
Silica/Buffer Interface: A Vibrational Sum Frequency

Generation Investigation

Portions of this chapter are reproduced with permission

from the Royal Society of Chemistry (RSC)

“The Thermal Reorganization of DNA Immobilized at the Silica/Buffer Interface: A Vibrational
Sum Frequency Generation Investigation” Li Z.;* Weeraman C. N.;* Azam, M. S.; Osman E.;
Gibbs-Davis J. M., Phys. Chem. Chem. Phys. 2015, 17, 12452-12457. (*Joint first-authors.)

Experiments related to the thermal revolution of immobilized DNA were done collaborating with
Dr. Champika N. Weeraman, experiments related to Figure 4.3 and 4.6 were done by Dr. Md.
Shafiul Azam, and all DNA strands used in this project were synthesized by Eiman Osman.
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4.1 Introduction

Many biodiagnostic platforms involve the molecular recognition between an immobilized
DNA sequence and a complementary oligonucleotide in solution.”””>* Despite the widespread
application of such DNA chips, studies aimed at understanding the structure and hybridization
behavior of immobilized DNA, particularly on silica, have lagged behind the corresponding
solution-phase measurements owing to the inherent difficulty in monitoring processes at the
solid/liquid interface.”'**"* Indeed, little is known about how the structure of DNA varies with
temperature although thermal stringency washes are typically employed in assays utilizing
immobilized DNA chips.?'* Consequently, most of these assays follow steps based on empirical
evidence that correlate the temperature, hybridization time and other experimental conditions
with the most selective detection.

Over the past few decades, several vibrational spectroscopic techniques have evolved as
powerful tools to probe unlabelled DNA at surfaces and interfaces.*> ** 227 For example,
surface selective IR absorbance spectroscopy has been used to gain structural information about
immobilized, unlabeled DNA complexes, which led to the identification of particular vibrational
modes that corresponded to the surface-bound and hybridized strand.’”*' However, examples of
real-time hybridization measurements of DNA immobilized on substrates, particularly silica,
remain scarce owing to the difficulty in distinguishing the hybridizing strand from non-
interacting strands within the volume probed by the evanescent field.

To distinguish between those strands hybridized at the interfaces versus those present in the
probe volume, nonlinear optical methods have a great advantage as only molecules with net
orientation lead to observable generation of second-order processes. As a result of this intrinsic

surface sensitivity and amenability to insulator substrates like silica, the nonlinear optical
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methods sum frequency generation (SFG) and second harmonic generation (SHG) have been
widely used to probe DNA at the air/liquid, solid/air, and solid/liquid interface.*'” Regarding the
former, Bonn and co-workers have explored the structure of water around DNA interacting with
lipid monolayers present at the air/aqueous interface using sum frequency generation.”'®?" At
the silica/liquid interface, most relevant to DNA chips used in biodiagnostics, Geiger and co-
workers have led the way in utilizing SHG to understand the behavior of DNA.?!" 220-226

Specifically, the strand density and ion affinity of single-stranded DNA immobilized at the

150

interface has been explored with the } @) technique of Eisenthal”™ based on changes in the non-

- : o . 221,223-226
resonant SHG signal with electrolyte composition and concentration.”

In complementary
studies using resonantly enhanced SHG, the linear dichroic ratio was also found to be sensitive to
the extent of hybridization of the surface immobilized strand.”** Consequently, hybridization
could be observed in real time utilizing this spectral handle. Resonantly enhanced SHG has also
proven useful to detect the interactions of drug molecules with immobilized duplex DNA.*’
Additionally, we recently employed resonantly enhanced SHG to monitor hybridization at DNA-
functionalized silica using a solution-phase strand modified with an SHG-active label distinct
from the spectroscopic signature of DNA.'® With this system, the temperature-dependent
stability of the duplex was assessed as well as the reversibility of binding during salt stringency
washes.

Vibrational SFG has also been utilized to monitor DNA at the solid interface albeit not at
the silica/aqueous interface despite its widespread importance.””® For example, DNA at the
silica/air interface was monitored by SFG by Geiger and co-workers.'>*** Similar to their SHG

work, they found that the chiral SFG response was particularly sensitive to the structure of the

DNA duplex and could distinguish between the direction of polyadenosine:polythymidine
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duplexes (which sequence was attached to the surface) owing to the resulting difference in the
chiral arrangement of the methyl groups.””” Koelsch and Zharnikov have explored the SFG of

2301 1nterestingly, none of these studies took advantage of

DNA immobilized on gold surfaces.
the real-time potential of SFG to monitor the rate of hybridization or changes in the structure as
experimental parameters like temperature were varied.

Here we report monitoring immobilized oligonucleotides at the silica/buffer interface in real
time as a function of temperature and aqueous composition using vibrational sum frequency
generation in the C-H stretching region (2850-3000 cm™). We find that the nucleobases exhibit
net order even prior to hybridization for immobilized single strands. Moreover, varying the

temperature of the hybridized samples leads to spectral changes from the thymine nucleobases

that were consistent with duplex dissociation.

4.2 Experimental Section

4.2.1 Laser System and Experimental Setup

A detailed description of our SFG setup has been described in Chapter 2 and 3, and the
design of the temperature-variable solid/liquid sample cell has been described in a previously
published paper.'®* Generally, the amplified 798-nm light pulses from the Spitfire were passed
through a 30/70 beam splitter, and 2.3 W was used to pump a non-collinear optical parametric
amplifier (TOPAS-C and NDFG, Light Conversion) to generate light in the IR region, while
some of the remaining 798-nm light passed through a Fabry-Perot etalon (TecOptics) to generate
picosecond pulses (full width half maximum of 10 cm™). Each beam was focused at the sample
using a CaF, (focal length = 500 mm, Thorlab) or BK7 (focal length = 400 mm, Thorlab)

focusing lens, respectively. The IR polarization was horizontal to the table therefore
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perpendicular to the sample plane from the TOPAS NDFG (p-polarized), and the visible
polarization was set to p or s using a half-wave plate (Thorlabs). Pulse energies of 10-20 pJ/pulse
of visible and ~10-20 pJ/pulse of IR were used, and the beams were slightly defocused to
minimize sample damage. The infrared (fs) and visible (ps) pulses were directed through the IR
grade silica hemisphere at incident angles of 66° and 64° with respect to surface normal. The
sample cell was designed to place the flat surface of the hemisphere perpendicular to the laser
table. This vertical arrangement allowed us to change the solvent at the interface without
requiring a flow setup.

For all of the experiments, only one TOPAS-NDFG setting was used to collect the spectra
centered near 2900 cm™'. For data acquisition, 4W x 10H or 5W x 10H binning was used to
reduce the noise and the data were acquired for 3-10 min per spectrum. The spectra shown in the

figures are representative of at least two experiments.

4.2.2 Sample Preparation

All oligonucleotides were synthesized on a solid-phase synthesizer (ABI 390) using
reagents from Glen Research. All of the strands used contained a 5’-alkyne modified thymidine
(Glen Research, Catalog No:10-1540-95) followed by the T;s or A;s sequence. This modified
thymidine lacked a methyl group owing to the placement of the alkyne substituent.

The benzyl azide monolayer for immobilizing the alkyne DNA was prepared following our
previous  publication  with an  increased reaction time between the p-
azidomethylphenyltrimethoxysilane in toluene and the freshly cleaned silica surface to increase
the monolayer density.'*' Additionally, for all experiments performed at the solid/air interface,

we utilized commercially available p-azidomethylphenyltrimethoxysilane (Gelest) rather than
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synthesize our own. Briefly, the flat surface of the freshly cleaned silica hemisphere was
immersed in 3 mM p-azidomethylphenyltrimethoxysilane toluene solution (0.1 vol% water in
dry toluene) for ~ 15 hours. Then the silane solution was removed, and the hemisphere was
rinsed rigorously with toluene, immersed in toluene for 30 min, sonicated for 5 min, and then
rinsed with a 1:1 mixture of toluene/methanol and methanol. Finally, the hemisphere was blown
dry under nitrogen and used immediately in an experiment.

The oligonucleotides were immobilized on top of the benzyl azide modified silica
hemisphere through copper(I) catalyzed azide-alkyne cycloaddition. A mixture of CuSO4-TBTA-
TCEP (1:1:1 mole ratio) was prepared as catalyst based on the method proposed by Sun and co-
workers®> with modification. First of all, 1.1 mg (2 pmol) of tris-(benzyltriazolylmethyl)amine
(TBTA) was dissolved in the mixture of 137.5 uL DMSO and 12.5 pL t-BuOH, followed by the
addition of 50 uL CuSOy stock solution (40 mM CuSOy, 0.3 M NaCl). Then 0.6 mg (2 umol) of
tris(carboxyethyl)phosphine (TCEP) was dissolved in 100 pL. 0.3 M NaCl solution and then
mixed with the TBTA solution to yield a greenish yellow solution. 30 nmol of alkyne-terminated
DNA was dissolved in the mixture of 100 uL PBS buffer (0.3 M NaCl, pH 7.0) and 100 pL
DMSO in a 0.6-mL Eppendorf tube. The 300-pL catalyst mixture was then added into the
Eppendorf tube containing the alkyne-DNA and the tube was vortexed to obtain a transparent
solution. The total volume of the DN A/catalyst solution was 500 pL, and the concentration of the
DNA was 60 uM.

The benzyl azide modified silica hemisphere was treated with the DNA/catalyst solution
overnight, and then was rinsed with the following solvents in the order as written: water,

water/ethanol, ethanol, ethanol/DMSO, DMSO, ethanol/DMSO, ethanol, water/ethanol and
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water to completely remove any unreacted DNA. Finally, the samples were blown dry with a

stream of nitrogen.

4.2.3 Spectral Normalization

The spectra shown in Figure 4.6, 4.8A, 4.11A, 4.12 and 4.13A were normalized as follows:
After background subtraction, each spectrum from the DNA-silica/buffer aqueous salt interface
was divided by the corresponding spectrum from the same sample at the pure water interface, as
the signal was dominated by the water peak at low salt concentration. As shown in Figure 4.1,
the spectrum of the DNA-modified silica/water interface has a similar Gaussian shape as that
from the silica/gold interface, so we can use the DNA-modified surface/water interface to
determine the shape of the IR pulse. This procedure has the advantage of not requiring sample
replacement to collect the reference spectrum, which can introduce error due to imperfect

realignment between the actual and reference samples.

— Silica/gold interface
10004 — DNA-silica/water interface
3
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Figure 4.1 SFG spectrum from the DNA-silica/water interface compared with that from the
silica/gold interface. The maximum intensities have been normalized to the same value as greater
signal is always observed from the silica/gold interface owing to its greater second-order
susceptibility compared with the silica/water interface.
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The spectra shown in Figure 4.7 were normalized to the silica/gold interface, as gold
exhibits strong non-resonant signal independent of IR wavelength. This referencing was
achieved by dividing the spectra from DNA-functionalized sample with the spectrum measured
immediately before from a gold-coated silica hemisphere at the same IR central wavelength (the

same TOPAS-NDFG settings).

4.2.4 Spectral Fitting

The following equation was employed to fit the SFG spectra. The second order

(2)

susceptibility ¥ o is broken down into a non-resonant term } z, and vibrational resonant term

(2)

X summed over all possible wavenumbers. Each resonant mode is considered to possess a

Lorentzian lineshape as shown below:

2

g6 m‘l(z)‘z :‘Z](\Q +ZZ§¢2)

ZNR Z 4.1)

r— O, +lF

Here @, is the wavenumber of the incident IR beam, and Av,wv, and Fv are the amplitude,

frequency, and damping coefficient of the V" surface vibrational mode, respectively. The fitting
was accomplished using Igor Pro: based on the number of vibrational modes expected in the

region, a function with the desired number of resonant terms and a non-resonant term was chosen

(2)

for fitting. For each fitting, initial Av,a)v, I', and ¥ ar Values were estimated around the central

wavenumbers noted in the manuscript and then the software was allowed to optimize all of them;
the returned values from the previous run were used as initial values for a second run. The fitting

stopped when the returned values were the same as the previous input values. Then for the last
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run, all @, values were held as constants and the values of other parameters were obtained from

fitting.

4.2.5 Melting of Ty5:A5s Duplex in Solution Phase Monitored Using UV-Vis Spectroscopy
For the DNA duplex melting experiment in solution, 0.61 nmol of each DNA sequence was
mixed in 1.0 ml PBS buffer (0.5 M NaCl, 10 mM PBS, pH 7.0), and was allowed to equilibrate
for 1 hour. The melting experiments were performed using an Agilent 8453 UV-Visible
Spectroscopy System fit with a Peltier temperature controller. Absorbance readings were taken
at 260 nm with 1 °C intervals from 20 to 70 °C. The hold time at each temperature was 1 min.

The solution was stirred at 250 rpm during the temperature-variation experiment.

4.3 Results and Discussion

4.3.1 Experimental Design for Monitoring DNA Hybridization at the Silica Interface
Similar to the work of Geiger229 and Koelsch and Zharnikov,”' we utilized a polythymidine
15mer (T;s) and polydeoxyadenosine 15mer (A;s) as our complementary sequences to isolate
CH; functional groups onto either the immobilized or solution-phase strand as methyl groups
only appear on thymidine (T) of the four canonical deoxyribonucleotides. (Figure 4.2) Utilizing
an attachment strategy developed in our group, we immobilized the DNA onto the silica surface
using an alkyne-terminated thymidine, which could be reacted with a benzyl azido monolayer to
generate the DNA-functionalized surface.'®® Unlike many other linker strategies, this attachment
method only introduced one methylene group per reactive site on the silica from the benzylic

position of the benzyl azide. Consequently, we were able to attribute most of the observed SFG
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to the oligonucleotides and not the initial monolayer. As will be discussed, this is an advantage

over other systems where the linker contributed significantly to the observed signal.**2%
Vibrational sum frequency generation occurs when two incident fields, one in the visible,

the other in the infrared, are temporally and spatially overlapped in a noncentrosymmetric

50, 54

medium like an interface. New light is generated at a frequency that is the sum of the two

incident frequencies. The intensity of this sum frequency signal (1 sFG) 1s proportional to the
incident visible (1 vis ) and IR ( 1 Jr ) intensities according to:

2
2
g oC |Z(2)| 1,1, = 1,1 4.2)

za+ > 2%

where J @) is the second-order susceptibility of the system. Within the electric dipole
approximation, } @) requires a break in inversion symmetry to be non-zero. Thus, SF signal
generated at the interface can be attributed to molecules with a net orientation. f @) can be
broken down into two components, one non-resonant ( ¥ ](\,2,2 ) and the other resonant ( } ﬁf) ).

As shown in equation 4.3 and 4.4, ¥ ,(gz) is proportional to the number density of molecular
oscillators (N) and is resonantly enhanced when the IR frequency ( @ ) approaches the

frequency of a vibrational mode (@, ) that is both IR and Raman active.”

x5 o N(BP) (4.3)
(04
ﬂv(z)oc vy : (4.4)

@, — 0, —il’

v

Here, <,6’v(2)> is the orientationally averaged molecular hyperpolarizability, 4, is the IR
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transition dipole moment, &, is the Raman polarizability tensor, and Fv is the natural line width

of the transition. In our experimental set-up, we utilized a femtosecond IR pulse that is broad in
the frequency domain and a picosecond visible pulse that is narrow in frequency. This

configuration allows for broadband sum frequency generation, whereby multiple SF frequencies

can be simultaneously generated and detected.***
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Figure 4.2 (A) The azide monolayer was prepared on silica hemisphere through silanization, and
a DNA single strand 5°-dT-(T);s-3” was synthesized, in which dT represents an alkyne modified
thymidine. The DNA single strand was immobilized on the azide modified silica surface through
copper(l) catalyzed azide-alkyne cycloaddition. (B) Schematic representation of monitoring the
hybridization of immobilized DNA using vibrational sum frequency generation. The red line
represents the T;s single stand, and black line represents the complementary A ;s single strand.
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(2)

. . 2 . ..
As shown by the orientation dependence of ¥ , one advantage of SFG is that it is very

sensitive to the extent of ordering of the molecular oscillators in resonance with the incident IR,
which in our experiments are the methylene and methine groups on the deoxyribose ring and the

methyl groups on the thymine nucleobase.

4.3.2 Determination of the Surface Density of the Immobilized DNA Strand

The DNA surface was prepared using our previously published strategy'®® with a longer
deposition time of p-azidomethylphenyltrimethoxysilane. X-ray photoelectron spectroscopy
experiments indicated that the amount of surface nitrogen increased only slightly. Specifically,
treating a Si wafer coated with a native oxide layer with the silane solution for 5 hours resulted in
a N:O:Si ratio of 0.043:0.84:1. Increasing the reaction time for 15 hours resulted in a N:O:Si
ratio of 0.052:0.81:1. The increase in the amount of nitrogen based on the increase in the N:Si or
N:O ratio is indicative of a 20 or 25% increase, respectively, in azide compared with samples
prepared in our previous publication.'®® For those samples a density of 6 x 10'? strand per cm”
was estimated by assuming the silanol density was 3 x 10'* sites per cm” and that condensation
with the p-azidomethylphenyltrimethoxysilane resulted in an azide density equal to 10% of the
original silanol sites (this value represents an underestimation assuming far from complete
condensation of all of the silanol sites). By using XPS, 15-30% of the azides were found to be
converted to triazoles bearing DNA strands, which led to an approximate strand density of 6 x
10'* strands per cm”. Although this density was calculated assuming the initial azide density, the
resulting kinetic behavior was very consistent with a strand density of 10”7 mol per m* (~6 x 10"
strand per cm?) based on the kinetic model of heterogeneous hybridization put forth by Krull and

236

co-workers.””” Based on the slight increase in azide content under the coupling conditions for
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this paper, a slightly higher strand density was expected, but according to the above model by
Krull significant changes in the kinetic behavior are only expected when strand density varies by

orders of magnitude.

4.3.3 SFG Spectra at the T;s-Functionalized Silica/Buffer Interface
We utilized the ssp polarization combination (s-SFG, s-vis and p-IR), commonly used to

monitor the structure of DNA,*2%

to probe these molecular resonances at the silica/buffer
interface.

Unfortunately, utilizing DO to avoid spectral overlap between the O-H vibrational stretch
of strongly hydrogen-bonded water (~3200 cm™) and that of the C-H groups in the DNA led to
very poor spectra compared with that observed in water (Figure 4.3). When H,O was used
instead, much greater signal was observed, but the spectrum was broad indicative of resonant
enhancement at all of the IR wavelengths present in the incident beam owing to the broad tail
from the O-H vibrational stretch of water (Figure 4.4). However, upon adding NaCl, peaks
emerged in the spectra that were clearly associated with the bound DNA. (Figure 4.4)

To understand the strong solvent dependence of the spectra, we reason that enhanced
overlap between the O-H stretch of water and the C-H stretches actually improved the signal of
the latter due to constructive interference that led to signal enhancement, which will be discussed
later (Figure 4.5). We attribute the weaker SF signal in the D,O spectra to two factors: first, the

237

polarizability of OD is expected to be weaker than that of OH™" and this polarizability

contributes to the hyperpolarizability and thus SFG activity.”>> Second, the overlap is less
238

between the C-H stretches and the weakly hydrogen-bonded O-D stretch (around 2510 cm™)

compared with the overlap between the C-H stretches and the strongly hydrogen-bonded O-H
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stretch (around 3200 cm™)."*® As the O-D peak is further from the C-H stretching region than the
O-H peak, there is very weak resonance of D,O in the C-H stretching region. As salt was added

the amount of aligned D,0O diminished resulting in less resonant enhancement of the D,O.

Pure D,O

lers (A1)

0.5 M NaCl

| | |
2700 2800 2900 3000 3100

IR Frequency (cm™)
Figure 4.3 Raw (not normalized) SFG spectra at the T;s-functionalized silica/D,0 interface in

pure D,O and upon adding buffer (10 mM PBS, 0.5 M NaCl in D,0, pH 7). The polarization
combination was ssp.

(2)

As salt was added to the solution, the contribution to the }; from the H,O decreased as

the presence of NaCl is known to disrupt the structure of interfacial water.”’ The corresponding

(2)

. . . T 2
decrease in the amount of aligned water allowed us to discern the contribution to ¥  from the

immobilized DNA (Figure 4.4). Consequently, we utilized buffered H,O in these experiments
and added 0.5 M NaCl to suppress the contribution of the water to the signal (the presence of salt

is also necessary for duplex formation). In addition to decreasing the contribution from water,
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with increasing salt concentration a decrease in the overall intensity of the C-H modes was
consistently observed as shown in Figure 4.4. This decrease in C-H signal intensity indicated that

increasing salt decreased the orientational average or reoriented the T)s strands resulting in lower

SFG.

2x103 4
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Figure 4.4 Raw (not referenced) SFG spectra from the T;s-functionalized silica/aqueous
interface at varying NaCl concentrations. The Gaussian shape of the spectrum without salt is
indicative of the incident femtosecond IR pulse that is broad in the frequency domain. The
polarization combination was ssp.

Finally, as the spectrum in the absence of salt was featureless and representative of the
broadband IR pulse, to account for the IR power profile we normalized our spectra by dividing
each DNA/buffer spectrum by the spectrum measured at the pure water interface prior to the
addition of NaCl containing buffer. After normalization, a higher baseline level was usually

observed at high wavenumber (Figure 4.6), which we attribute to greater overlap with the O-H
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resonance from water.

4.3.4 Interference between the C-H Stretch and O-H Stretch

In order to show how the interference between water’s O-H stretch (3200 cm™,
corresponding to strongly hydrogen bonded water) and the C-H stretches of DNA should affect
the observed SFG spectra in the C-H stretch region, the following simple simulation was done.
In this example, the amplitude of the CH3 symmetric stretch peak at 2877 cm™ was set as a
constant while the amplitude of the O-H peak at 3200 cm™ was varied. For simplicity the
nonresonant second order susceptibility was set to zero. For the C-H and O-H resonances, the
following peak properties were assumed: for the CH; symmetric stretch, ® = 2877 cm™, I' = 16

cm’™!, A = 1; for the OH stretch, ® = 3200 cm™, I' = 150 cm™.

<l (o sei ai aoe)
cH - AoH w—2877+16i @—3200+150i \ @—2877-16i @—3200—150i
B 1 A 24[0” - 60770 +9208800]

. /7 i
(0-2877) +256  (@—3200) +22500 ((—2877) +256]|(@—3200)* +22500]
=term1 + term 2+ term 3

(4.5)
In this equation, term 1 corresponds to the C-H stretching peak, term 2 corresponds to the O-H
stretching peak, and term 3 is a cross term. Using a Gaussian expression for the IR intensity
owing to the Gaussian shape of the IR pulse centered at 2900 cm™ (bandwidth 120 cm™) and the

2
, SFG spectra were generated from:

three terms corresponding to ‘ X o

2
Lgpgoc ‘Z(Z)‘zlmjm oc ‘Z(Z)‘Zlm = ‘Z(Z)‘z eXp|:— %} (4.6)
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Figure 4.5 Simulated SFG spectra showing the interference between the water O-H stretch and a
methyl C-H stretch. The spectra were modeled using equation 4.6. The amplitude of O-H peak
(A) was varied and relative SFG intensities of the three terms were shown. The contribution to

the signal of term 1 is shown in red, term 2 in green, and term 3 in blue. The overall observed
spectra are in black on the right hand side.
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Figure 4.5 shows the calculated relative intensities of the three terms and corresponding
SFG spectra at different O-H peak amplitudes. When the amplitude of the O-H peak was much
greater than that of the C-H stretch peak, the observed overall SFG spectra was dominated by the
O-H peak and the C-H peaks were difficult to distinguish. As the amplitude of the O-H peak
decreased, the C-H peaks became apparent. We propose these simulations explain the spectrum
for the DNA-modified silica/pure water interface observed at very low salt concentration, which
corresponds to a large amount of ordered water molecules owing to the presence of many
negative charges at the interface. As salt was added, the interfacial static electric field arising
from the negatively charged DNA and silica was screened resulting in less ordered water and a
lower amplitude for the O-H peak (as the amplitude is proportional to the number density of
aligned water).”’ In contrast, adding salt did not severely impact the amplitude of the C-H
resonances as the number density of DNA remained constant. Consequently, the C-H resonances

became apparent with increasing salt concentration.

4.3.5 Hybridization of the Immobilized T;s Strand with the Solution-Phase A;5 Strand
Figure 4.6 illustrates the spectrum of the Ts immobilized at the silica/buffer interface in the
presence of 0.5 M NaCl (10 mM phosphate buffer saline (PBS), pH 7) before and after
hybridization with its complementary sequence. Using equations 4.1, we fit each spectrum to
determine the peak amplitudes and central wavenumbers (table 4.1). Both before and after
hybridization, the spectra exhibited five main transitions centered at 2856 cm™, 2878 cm™, 2895
cm™, 2924 cm™ and 2936 cm™. We note that different samples led to different relative intensities
of the five transitions, but the presence of all five transitions and the effect of hybridization and

temperature on peak amplitude were consistent. We attribute this variability in relative amplitude
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for different samples to variation in the average orientation of the immobilized DNA as the low
strand density likely results in a variety of possible monolayer conformations unlike dense well-

packed alkyl monolayers that yield highly reproducible structures and SFG spectra.

46 (@.u.)

2840 2880 2920 2960 3000
IR Frequency (cm™)

Figure 4.6 The SFG spectra collected at the T;s-functionalized silica/buffer interface before (T;s)
and after (Ts:Ajs) introduction of the complementary A5 strand. The spectra were normalized

by the spectrum of the DNA-functionalized silica/water interface. The polarization combination
was ssp.

Table 4.1 Spectral Fitting Parameters for Figure 4.6.

w A* r w A* r o A° r w A* r w A* r

s® 2856 17.1(19) 267 2878 15(1.1) 87 2895 1.7(1.6) 137 2924 62(2.6) 174 2936 19(0.7) 95

D’ 2857 7.82.8) 170 2877 9.9(1.2) 112 2895  58(2.8) 154 2924 23(2.3) 122 2936 9.7(2.1) 137

* The standard deviation of the amplitude returned from the fit is shown in parentheses.
b g represents single stand Tys, and “D” represents duplex Ts:Ajs.

Regarding the peak assignments, we propose that these vibrational modes in the C-H

stretching region originated primarily from the DNA as there were 15 methyl groups from the
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nucleobases in addition to 32 methylene and 32 methine groups from the phosphate-sugar
backbone for every four methylene groups from the alkyne linker (Figure 4.2). Moreover, we did
not observe any appreciable signal for the benzyl azide monolayer in the presence of water (data
not shown) and only very weak signal in the C-H region above 2850 cm™ at the solid/air

interface.?*’

4.3.6 SFG Spectra Peak Assignments

To aid in the assignment of the spectra, we reviewed the examples of IR absorbance and
Raman spectroscopic measurements of the pure thymine nucleobase lacking the deoxyribose
group in solution and the solid state.*'*** Three to four peaks were generally observed between
2850 and 3000 cm™ in both types of spectroscopy. The most consistently noted peak was a
strong mode generally centered near 2940 cm™ that we also observed, which has been attributed
to the methyl symmetric stretch owing to its strong intensity in the Raman spectrum.***** The
presence of this mode at ~2940 cm™ as well as lower wavenumber modes at 2908, 2880 and
2861 cm™ was also observed in the SFG spectrum of pure thymine at the silica/air interface.*”
From these observations, we propose that the peak at 2936 cm™ is primarily from the symmetric
stretch of the methyl group on the thymine while the other three modes at ~2900, 2880 and 2860
cm’ may stem from overtones associated with the thymine and possible contributions from C-H
stretches of the sugar ring.**® Additionally, the peak at 2924 cm™ we attribute solely to methine
or methylene stretches on the deoxyribose based on the SFG spectrum of thymidine at the

i P 22
silica/air interface, ?

as well as SFG measurements of A;s strands lacking methyl groups
immobilized at the silica/air interface, which exhibited the strongest intensity at ~2924 cm™

(Figure 4.7).
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Figure 4.7 (A) The SFG spectra collected at the T;s-functionalized silica/air interface. The
spectra were normalized by the spectrum from the silica/gold interface. (B) The SFG spectra
collected at the Ajs-functionalized silica/air interface. The spectra were normalized by the
spectrum from the silica/gold interface. Both ppp (in blue) and ssp (in red) spectra were collected.

Table 4.2 Spectral Fitting Parameters for Figure 4.7A.

o A* r o A° r w A* r w A* r 0] A° r

PPP 2857 2.8(02) 156 2881 19(0.1) 114 2926 4.9(04) 217 2943 0.6(02) 89 2973 09(0.1) 96

SSP 2857 1.1(02) 127 2882 1.3(0.1) 10.6 2924 12(04) 115 2944 2.6(0.5) 167

* The standard deviation of the amplitude returned from the fit is shown in parentheses.
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Table 4.3 Spectral Fitting Parameters for Figure 4.7B.

w A* r w A* r w A* r w A° I o A* r

PPP 2862 0.1000.06) 6.6 2881 05(02) 144 2923 54(0.7) 446 2927 100.1) 80 -

sSSP - ; - - - - 2924 1240005 102 - - - -

* The standard deviation of the amplitude returned from the fit is shown in parentheses.

From fitting, we found that the largest effect of hybridization of the Ts:A;s duplex on the
spectra were increases in the intensity (manifested in the A/I" ratio) for the modes at 2878 cm™,
2895 cm™, and 2936 cm™ (Figure 4.6). We attributed the general increase in intensity of those
modes particularly associated with the thymine base at 2878 cm™, 2895 cm™ and 2936 cm™ with
an increase in orientational ordering of thymine after hybridization. This increase in intensity at
~2880 and 2940 cm™ upon hybridizing polythymidine was also observed by the Geiger group for

T)s strands immobilized at the silica/air interface.'’*%

However, they did not observe any peak
at ~2880 cm™' prior to hybridization. The absence of this mode in the solid/air spectrum of
Geiger could indicate that the single-strand was less ordered at the air interface compared with
the buffer interface. However, their system used attachment chemistry that resulted in strong
signals below 2900 cm™ attributed in part to the structure of the underlying undecyl amide
monolayer, which could have made detection of the peak at 2878 cm™ difficult to discern for the
more disordered single strand.**’

To determine how our attachment chemistry influenced the spectrum of single-stranded
DNA at the functionalized DNA-silica/air interface, we monitored SFG under two different

polarization combinations (Figure 4.7). For these benzyl-triazole linked strands, the peaks at

~2880 cm™ and ~2940 cm™ were clear at the silica/air interface indicating that the single strand
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was still relatively ordered in the absence of buffer. Moreover in the ppp spectrum more sensitive
to asymmetric modes a peak at 2973 cm™ was also observed for the immobilized T;s at the
solid/air (Figure 4.7A), which we attribute to the CH3 asymmetric stretch. The presence of this
mode also associated with the methyl group on the thymine nucleobase provides further support
that the methyl groups exhibit net orientation even for single-stranded samples at the silica/air

interface.

4.3.7 Melting of T;5:A5 Duplex at the Solid/Buffer Interface Monitored Using SFG
Many applications using immobilized DNA strands utilize thermal stringency washes to
liberate any weakly adsorbed DNA from the surface and allow only the perfectly complementary

strands to remain.”'* Additionally, the thermal dissociation of oligonucleotide duplexes is often

7 162, 248

monitored in solution®”’ and on surfaces to quantify the stability of a duplex and gain
information about the thermodynamic parameters associated with hybridization. Little is known,
however, about the structural changes of immobilized DNA as a function of temperature,
particularly at the silica/buffer interface.

Consequently, we monitored SFG as the temperature increased from 20 to 60 °C (Figure
4.8A). We found, the SFG signal decreased with increasing temperature (Figure 4.8A). However,

upon fitting the data it was revealed that the most sensitive peak to temperature was that at 2937

cm™ for the duplex system. The amplitude-line width ratio (A/T") proportional to ¥ 5;2)249 is

shown for the peak at 2937 cm™ as a function of temperature (Figure 4.8B). We attribute the

decrease in intensity of the peak at 2937 cm™ between 20 and 60 °C to dissociation of the duplex.
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Figure 4.8 (A) Changes in SFG intensity of the T;s:A;s modified surface as a function of
temperature. The spectra collected at the DNA-functionalized silica/buffer interface were
normalized by the spectrum from the same sample at the pure water interface. The polarization
combination was ssp. (B) The amplitude and line-width ratio (A/I') corresponding to the five
modes for the duplex system plotted versus temperature.
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4.3.8 Melting of T;5:A5 Duplex in Solution Phase Monitored Using UV-Vis Spectroscopy
The melting of the same DNA duplex in solution phase was monitored using UV-visible
spectroscopy under the same reaction conditions. The temperature of the solution was increased
from 20 to 70 °C, and the UV absorbance of the solution at 260 nm was recorded as a function of
temperature. Because of the hyperchromic effect, DNA single strands absorb more light at 260
nm than DNA duplexes making absorbance measurements the standard method for monitoring

DNA melting in solution.
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Figure 4.9 T5:A;s duplex melting monitored using UV-vis spectroscopy. Reaction conditions:
0.61 uM of each solution phase strand, 0.5 M NaCl, 10 mM PBS buffer, pH 7.0.

At room temperature, two complementary DNA single strands exist as duplex; as the
temperature of the solution increases, the percentage of DNA duplex starts to decrease, and the
UV absorption at 260 nm keeps increasing. The UV absorption reaches at maximum when the

percentage of DNA single strand reaches at maximum (~ 100%) at high temperature. Figure 4.9
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shows a typical melting profile of a DNA duplex in solution monitored using UV-visible
spectroscopy, and the melting temperature of duplex (Ty,) is defined as the temperature at which

half of the DNA strands are in single strand state.

4.3.9 Comparison of Thermal Dissociation Profiles of the Immobilized and Solution-Phase
Tis5:A15 Duplex

Our previous study utilizing second harmonic generation spectroscopy and the same
copper-catalyzed azide-alkyne cycloaddition attachment strategy found that immobilization of a
15-mer onto silica suppressed the thermal dissociation, or melting, temperature (T,) by
approximately 12 + 2 °C in comparison with its solution-phase melting temperature (Figure
4.10A).'* To verify that the change in A/’ (2937 cm™) SFG ratio versus temperature for the
duplex system stemmed from duplex dissociation, we compared it under the same conditions
(0.61 uM primer, 0.5 M NaCl, 10 mM PBS buffer, pH 7.0) to the thermal dissociation of
solution-phase DNA based on changes in UV absorbance at 260 nm (Figure 4.10B).

To determine the melting temperature from the SFG experiments, the A/T ratio at 2937 cm’’
(Ratio) versus temperature in Figure 4.10B was fit with the following equation:

Ratio,, — Ratio : . . 1
= Fraction Dissociated =

Ratio,,,, — Ratio,,;, AH 1 1
1+exp —
R \T'+27315 T, +27315

(4.7)

where AH is the dissociation enthalpy, 7" is the temperature of the solution phase in Celsius,

T, is the melting temperature in Celsius, R is the ideal gas constant, Ratio ,, and RaﬁOmin are

fitting parameters.'®
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Figure 4.10 (A) Thermal dissociation of a 15 base pair DNA duplex at the silica/water interface
monitored by resonant SHG and the comparison with the corresponding melting curve in
solution phase using the same immobilization chemistry. The melting temperature difference was
determined to be approximately 12 + 2 °C. The figure is re-created from reference.'®* (B)
Comparison of the melting curve of the immobilized T;s:A;s duplex from the SFG A/I" ratio
(blue) and the free duplex in solution (red) based on absorbance measurements. Reaction
conditions: 0.61 uM of each solution phase strand, 0.5 M NaCl, 10 mM PBS buffer, pH 7.0. The
melting temperature difference was determined to be 11.9 °C very consistent with the results
from the SHG study. The dashed lines are fits to the data with equation 4.7 and 4.8.

For the DNA duplex melting in the solution phase, the absorbance at 260 nm ( Abs) was

converted to the fraction dissociated according to:
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Ab — Ab
Smax S Fraction Dissociated = !

Absmax _Absmin AH 1 1
1+exp -
R \T+27315 T,+27315

(4.8)

1—

where AH is the dissociation enthalpy, 7" is the temperature of the solution phase in Celsius,

T, is the melting temperature in Celsius, R is the ideal gas constant, AbSmaX and AbSmin are

fitting parameters.

From the fit to the SFG and absorbance data, the T, was determined to be 37.5 °C for the
former (the immobilized duplex) and 49.4 °C for the latter (the solution-phase duplex). The
difference between the solution-phase melting temperature and the melting temperature for the
immobilized DNA duplex was therefore 11.9 °C, which is consistent with our previous study (12
+ 2 °C). This difference in dissociation temperature between the solution-phase measurements
and the SFG data was in excellent agreement with the suppression in Ty, found in our SHG work
(12 + 2 °C) providing strong evidence that the major change in A/T ratio at 2937 cm™ with

temperature was due to duplex dissociation.

4.3.10 Thermal Evolution of Single-Stranded Immobilized DNA

Figure 4.11A shows the thermal evolution of the single-stranded oligonucleotide Tjs
immobilized at the silica/buffer interface. The thermal behavior of the immobilized single strand
is not as predictable. Overall the SFG signal gradually decreased from 20 to 60 °C, indicating
thermal energy induced randomization of the strand conformation owing to increased

conformation entropy at higher temperatures.
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Figure 4.11 (A) Changes in SFG intensity of the Ts-modified silica/buffer interface normalized
to that of water as a function of temperature. The spectra collected at the DNA-functionalized
silica/buffer interface were normalized by the spectrum from the same sample at the pure water

interface. The polarization combination was ssp. (B) The amplitude and line-width ratio (A/T)
corresponding to the five modes for the single strand system plotted versus temperature.

After fitting, the A/T" ratios for the five modes were plotted versus temperature (Figure
4.11B). We observed a small decrease in the A/T ratio at 2937 cm™ between 35-45 °C, but this

change was within uncertainty. We also note that the uncertainty in amplitude was larger for the
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single-stranded sample than the duplex, which makes evaluating the temperature behavior of the

latter more difficult.

4.3.11 Annealing of the Tys and Ty5:A;5 Functionalized Samples

To see whether the effect of temperature was reversible for both the single stranded and
immobilized duplex samples the SFG spectra were measured for two samples before and after
heating. In these experiments, the temperature of the samples was gradually increased to 60 °C
followed by a gradual decrease to lab temperature (~21 °C). The T;s:A;s sample was then

allowed to rehybridize for one hour.

- T15 N - T15
- -- T, after heating , ' - - - T,, after heating

I (A.U.)

T — 77—
2840 2880 2920 2960 2840 2880 2920 2960
IR Frequency (cm™) IR Frequency (cm')

Figure 4.12 SFG spectra collected from the single-stranded T;s-functionalized silica/buffer
interface before and after annealing the sample at 60 °C. The spectra were collected under the
ssp polarization combination, and normalized to that from the DNA-functionalized silica/water
interface. (A) and (B) represented spectra collected from two different samples under the same
reaction conditions.
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Figure 4.13 (A) SFG spectra before and after annealing the sample at 60 °C for the immobilized
T1s5:A1s duplex. The spectra were collected at the DNA-functionalized silica/buffer interface and
normalized by that from the DNA-functionalized silica/water interface. The polarization
combination was ssp. (B) Schematic diagram explaining the spectral changes with annealing.
Incomplete formation of the Tis:A;s duplex was formed upon hybridizing the sample at the lab

temperature, and this duplex was able to rearrange to the more stable duplex upon heating and
cooling.

Table 4.4. Spectral Fitting Parameters for Figure 4.13A.

w A* r w A* r w A* r w A* r w A* r

P 2860 22(06) 82 2877 59(1.0) 13.8 2895 23(1.0) 125 2917 26(1.0) 135 2935 62(0.8) 117

* 2859 1.1(0.3) 69 2879 43(0.6) 11.5 2894 6.1(1.6) 192 2928 29(1.3) 149 2938 3.9(0.6) 103

* The standard deviation of the amplitude returned from the fit is shown in parentheses.
b e represents “before annealing”, and “II” represents “after annealing”.

120



For both the duplex and single-strand functionalized samples, differences were observed
before and after heating indicating that annealing played a major role in the structure of the
immobilized strands. The changes in spectra for the single strand varied from sample to sample
(Figure 4.12), whereas the spectral changes for the duplex were very consistent (Figure 4.13A).
Specifically, spectra fitting revealed that annealing led to an increase in the mode at ~2895 cm,
which we associate with the thymine nucleobase as well as contributions from the deoxyribose
ring.**® In contrast, the modes at 2937 cm™ and 2860 cm™ also observed in the thymine spectra
decreased. We attribute the spectral changes with annealing to the incomplete formation of the
Tys5:Ays duplex upon hybridizing the sample at the lab temperature. We propose that a shorter
duplex formed more rapidly at the interface, and this duplex was only able to rearrange to the
more stable duplex upon heating and cooling (Figure 4.13B). This led to different changes in
peak intensity, likely due to a change in net orientation of the tethered duplex upon annealing. To
avoid the formation of shorter duplexes future work will focus on non-repeating sequences that

facilitate only one hybridization conformation.

4.4 Conclusion

In conclusion, we have demonstrated that the temperature sensitivity of immobilized DNA
duplexes can be observed by SFG at the silica/buffer interface. Despite the expected disorder of
the single unhybridized strand, all three major peaks that we attribute to the thymine nucleobase
were present indicating that there was considerable net order of the single strands in the presence
of buffer or air. We also observed that the temperature-sensitivity of the immobilized duplex was
consistent with our previous work using labeled DNA that revealed that immobilization on silica

was destabilizing leading to a lower dissociation temperature. The most temperature-sensitive
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mode was attributed to the methyl groups on the polythymidine immobilized on silica, which
should experience significant reorientation upon duplex dissociation. Annealing both the single
strand and duplex immobilized samples led to changes in the SFG spectra, which may have
ramifications for optimizing the hybridization efficiency and rate in DNA chip-based diagnostics.
Future work will examine the influence of strand density and pH on strand orientation and

temperature sensitivity.
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Chapter 5

The Organization of Acetonitrile at the Fused Silica/Water

Interface Studied by Sum Frequency Generation

123



5.1 Introduction

At interfaces, liquid molecules usually exhibit properties that are different from their
properties in bulk solution.'® These properties have a significant impact on processes that occur
at interfaces, such as heterogeneous catalysis, surface modification and fabrication, and
absorption/desorption. Studying the properties of interfacial liquid molecules, and the interaction
between liquid molecules and neighboring solid surface, will benefit the understanding of these
interfacial processes.

Acetonitrile has a large dielectric constant, which is one of the most widely used solvents in
chemistry. The acetonitrile molecule contains a hydrophobic methyl group and a highly polar
cyanide group; this unique hydrophobic/polar combination makes acetonitrile have the capacity
to dissolve a wide range of organic compounds.'****° Acetonitrile is also miscible in water at
any ratio, and consequently the acetonitrile/water mixture is a commonly used mobile phase in
chromatography and is found to be effective in the separation of many chemical and biological
species.”!

Previous studies suggested that acetonitrile molecules form lipid-bilayer-like structures at
the silica surface.'* #**2°°2% The formation of this bilayer structure is believed to be induced by
hydrogen bond formation between the cyanide group and surface silanols. At the silica surface,
the first sublayer has the most ordered structure, in which the cyanide groups point toward the
silica surface due to the formation of these hydrogen bonds while the methyl groups point toward
bulk solution; the second sublayer is less ordered than the first one, in which methyl groups
interdigitate with methyl groups from the first sublayer and point towards the silica surface.'*
This bilayer pattern keeps repeating and becomes less and less ordered with distance.'** A recent

study suggested that the bilayer structure exists not only at the silica/acetonitrile interface, but
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also at the silica/acetonitrile:water mixture interface, even at very low acetonitrile
concentrations.”® At both interfaces, two types of acetonitrile molecules are present within the
bilayer pattern with different hydrogen-bonded states and chemical environments, based on their
distinguishable resonances in the SFG spectra with central wavenumbers differing by as much as

11422
10 cm™!. 142250

O Increase pH
1

-

Visible SFG

Figure 5.1 The organization of acetonitrile at the fused silica/water interface studied by
vibrational sum frequency generation spectroscopy.

Knowing the importance of acetonitrile and the wide application of acetonitrile/water
mixtures in heterogeneous catalysis and chromatography, it is worthwhile to study the properties
of the acetonitrile molecule at the silica surface in the presence of water, especially at various
solution pH values. In this chapter, vibrational sum frequency generation (SFG) spectroscopy
was employed to study the interfacial structure and orientation of acetonitrile at the silica surface
in the presence of water (Figure 5.1). The fitting of the methyl symmetric stretch mode using

different models has been discussed, and as will be shown a single-Lorentzian model is found to
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provide reasonable fit of the spectrum. Orientation analysis revealed that the net orientation of
the acetonitrile molecule did not change significantly as the mole fraction of acetonitrile
decreased from 100% to 4% in the acetonitrile/water mixture. At a certain acetonitrile/water
composition, increasing the solution pH which deprotonated more surface silanol groups resulted

in a decreased number of ordered interfacial acetonitrile molecules.

5.2 Experimental Section

5.2.1 Laser System and Experimental Setup

Our broadband SFG setup has been described in detail in Chapters 2 and 3. Generally, the
amplified 798-nm light from the Spitfire was passed through a 30/70 beam splitter, and 2.3 W of
the output was used to pump a non-collinear optical parametric amplifier (TOPAS-C and NDFG,
Light Conversion) to generate IR light, while some of the remaining 798-nm light passed
through a Fabry-Perot etalon (TecOptics) to generate picosecond pulses (full width half
maximum of 10 cm™). Each beam was focused at the sample using a CaF, (focal length = 500
mm, Thorlab) or BK7 (focal length = 400 mm, Thorlab) focusing lens, respectively. Pulse
energies of 10-20 plJ/pulse of visible and ~25 plJ/pulse of IR were used, and the beams were
slightly defocused to minimize sample damage. The infrared and visible pulses were directed
through the IR grade silica hemisphere at incident angles of 67° and 65° with respect to surface
normal. The sample cell was designed to place the flat surface of the hemisphere perpendicular
to the laser table.

For all of the experiments present in this chapter, only one TOPAS-NDFG setting was used

to collect the spectra centered near 2950 cm™'. The data were acquired for 1 min per spectrum.
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The spectra shown in the figures are representative of at least two experiments. The error in A/T°

and o, represents the standard deviation from fit for a single set of spectra.

5.2.2 Materials and Sample Preparation

HPLC grade acetonitrile (> 99.9%) was purchased from Fisher Chemical and used without
further purification. Ultrapure deionized (18.2 MQecm) water was used shortly after deionization
by a Milli-Q Plus ultrapure water purification system (Millipore).

Prior to each experiment, an IR grade silica hemisphere was cleaned with water and
methanol, followed by drying in an oven for 10 min at 90 °C. The cleaned hemisphere was
treated with fresh “piranha solution” (3:1 mixture of sulfuric acid and 30% hydrogen peroxide)
for 1h. It was then rinsed copiously with Millipore water, and methanol. Afterwards, the
hemisphere was placed in an oven for 30 min at 90 °C, followed by cooling to room temperature
and then plasma cleaning (plasma cleaner, PDC-32G, Harrick Plasma) in air for 2 min. The

cleaned hemisphere was used right after plasma cleaning.

5.2.3 Spectral Normalization and Fitting

The spectra shown in this chapter were normalized to the spectra from silica/gold interface,
as gold exhibits strong non-resonant signal independent of IR wavelength. To achieve this, after
background subtraction, the spectrum from the sample interface was divided with the spectrum
measured immediately before from a gold-coated silica hemisphere at the same IR central
wavelength (the same TOPAS-NDFG settings).

Equation 5.1 was employed to fit the normalized SFG spectra. In this equation, the second

(2)

el eqe 2) . .
order susceptibility } @) is broken down into two terms: a non-resonant term, Jz , and

127



o 2 . . .
vibrational resonant term } 53) summed over all possible frequencies. Each resonant mode is

considered to possess a Lorentzian lineshape.®'**

2

L6 m‘l(z)‘z :‘Z](\Q +ZZ§¢2)

ZNR Z (5.1

r— O, +lF

Here W is the frequency of the incident IR beam, and Av ,0,, and rv are the amplitude, central

frequency, and damping coefficient of the V" surface vibrational mode, respectively.
The fitting was accomplished using Igor Pro: based on the number of vibrational modes

expected in the region, a function with the desired number of resonant terms and a non-resonant

(2)

term, which is a constant, was chosen for fitting. For each fitting, initial 4,,®,, I, and ¥ AR

values were estimated and then the software was allowed to optimize all of them; the returned
values from the previous run were used as initial values for a second run. The fitting stopped

when the returned values were the same as the previous input values.

5.3 Results and Discussion

5.3.1 Theoretical Background of SFG

Sum frequency generation occurs when two incident fields are temporally and spatially

50, 54

overlapped in a noncentrosymmetric medium like an interface. New light is generated at a

frequency that is the sum of the two incident frequencies. As shown in equation 5.2 and 5.3, the

intensity of this sum frequency signal (] srg) 1s proportional to the incident visible (1 vis ) and IR
(1, ) intensities and the second-order susceptibility (¥ (2)), which is specific to each interface.

The resonant part of the second-order susceptibility of the system, ¥ 5;2), can be related to the
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. . . 2) . .
presence of ordering of specific molecules at the interface as } 1(g ) is proportional to the product

of the number density of molecular oscillators in resonance (N) and the orientationally averaged
molecular hyperpolarizability (< ,Bv(z)> )12 Specifically, the SFG signal is resonantly enhanced

when the IR frequency approaches the frequency of a surface vibrational mode that is both IR

and Raman active.

2

1,1, 5.2)

vis

Iy | <2>|21 I =
SFG l vis©T IR

Zi+ 22k

x5 o N(BP)) (5.3)

5.3.2 SFG Spectra of Acetonitrile at the Silica/Acetonitrile Interface

SFG spectra of acetonitrile in the C-H stretch region were collected from the silica/pure
acetonitrile interface under both ppp and ssp polarization combinations. As shown in Figure 5.2,
the spectra exhibited a strong peak at ~ 2943 cm™ under ppp polarization and at ~ 2944 cm™
under ssp polarization. This mode was attributed to the symmetric stretch of the methyl group
consistent with previous studies.'** In the ppp spectrum, a broad peak between 3000 and 3200
cm™ was also observed and attributed to the asymmetric stretch of the methyl group,® which
had a much weaker peak intensity and was absent in ssp spectrum (Figure 5.2A). When the pure
acetonitrile was replaced with an acetonitrile/water mixture (mole fraction of acetonitrile, nycn =
76%), the methyl symmetric stretch peak exhibited a weaker peak intensity, which mainly
resulted from the decrease in the number density of acetonitrile molecules in the interface region;

at the same time, the methyl asymmetric stretch peak was no longer observable (Figure 5.2B).
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Figure 5.2 SFG spectra of acetonitrile in the C-H stretch region collected from silica/liquid
interface under ppp (A) and ssp (B) polarization combinations. The mole fraction of acetonitrile
was 100% and 76%, respectively. In the figure, the black dots are experimental data and the solid
lines are theoretical fitting using equation 5.1. For all spectra, the methyl symmetric stretch peak
was fit with a double-Lorentzian model, and the fitting parameters are reported in table 5.1.

Table 5.1 Fitting Parameters for Figure 5.2

Peak 1 Peak 2
o, em’ A2 I*em! o, em”’ A2 IYem’!
ppp -100% ACN 2040+4  29+1736 11603  2941+3  -34+136 113+09
ssp -100% ACN 2940 + 4 31 +292 11+1 2041 +4 36292 11.1+£0.5
ppp - 76% ACN 294146  31+436 1243 204145  -34+436  11+3
ssp - 76% ACN 2940 +2 30+ 378 10+1 2041 +£2 -34+ 378 9.8+0.6

“In the notation 2940 + 4, 2940 is the fitting parameter and 4 is the standard deviation from
fitting.

Previous studies suggested that the acetonitrile molecule organizes into a lipid-bilayer-like
structure at the silica/acetonitrile interface,'*>*°% 2% and this bilayer structure persists in the
presence of water even at very low acetonitrile concentrations.”” The investigation by Fourkas,

Walker, Weeks and co-workers suggested that, for SFG spectra collected at the silica/acetonitrile
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interface, fitting the peak corresponding to the methyl symmetric stretch revealed two types of
methyl groups: one hydrogen bonded to surface silanol groups through the cyanide, and the other
not. These modes were found to be distinguishable in the SFG spectra due to a 10 cm™ difference
in resonant wavenumber.'*

As shown in Figure 5.2, in our first analysis we fit the methyl symmetric stretch mode with
a double-Lorentzian model, and the fitting parameters are summarized in table 5.1.
Unfortunately, the difference in the resonant wavenumber of the two peaks was found to be
around 1 cm™, which lies within the resolution of SFG, and the peak amplitudes have huge
uncertainties, indicating the double-Lorentzian model is not applicable here. Moreover, as will
be shown a single-Lorentzian model provides a reasonable fit to our spectra. This difference in
the fitting model is likely due to the different local chemical environments around interfacial
acetonitrile molecules. Silica surface is highly sensitive to its chemical history,”®® so any
difference in sample preparation stage (for example using different sample cleaning strategy),
may make a difference in the final performance of silica surface. Although the bilayer structure
of acetonitrile is still likely to exist, the methyl groups that are oriented in opposite direction
have similar hydrogen-bonded environments, and consequently have a similar vibrational
frequency in SFG spectra. Consequently, the SFG spectrum represents the net contribution of
these two types of acetonitrile molecules as manifested in the orientationally averaged molecular

hyperpolarizability. Based on these observations, a single-Lorentzian model was employed to fit

the methyl symmetric stretch peak in the following experiments.
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5.3.3 SFG Spectra of Acetonitrile from the Silica/Aqueous Interface at Various ACN

Concentrations
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Figure 5.3 SFG spectra of acetonitrile in the C-H stretching region at the silica/aqueous interface
with various acetonitrile concentrations under ppp (A) and ssp (B) polarization combinations.
Ten concentrations were used in the study with acetonitrile mole fraction of 4%, 8%, 13%, 19%,
26%, 34%, 45%, 58%, 76% and 100% (pure acetonitrile). In the figure, the black dots are
experimental data and the solid lines are the fit with equation 5.1 using a single Lorentzian for
the methyl symmetric mode.

The SFG spectra of acetonitrile in the C-H stretch region were collected from the
silica/aqueous interface at various acetonitrile concentrations, and the spectra were fit using the
single-Lorentzian model (Figure 5.3). For the ppp spectra, in addition to the Lorentzian peak

accounting for the methyl symmetric stretch, another broad Lorentzian peak arising from the
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strongly hydrogen-bonded water that has a central frequency of 3200 cm™, was included at low
acetonitrile concentrations (nacn% < 45%, Figure 5.3A). For the ssp spectra, only one Lorentzian

peak was used (Figure 5.3B).
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Figure 5.4 (A) The ratio of peak amplitude and peak width (A/T") for the methyl symmetric
stretch mode at different acetonitrile mole fractions (nacn%) under ppp and ssp polarization

combinations. (B) The value of ¥ e%) Py izf) * and tilt angle 6 at different nacn%.

As shown in Figure 5.4A, the ratio of peak amplitude and peak width (A/T") for the methyl
symmetric stretch mode was plotted versus the concentration of acetonitrile (mole fraction). As
expected, the A/T" ratio for the methyl symmetric stretch mode decreased as the mole fraction of
acetonitrile decreased from 100% to 4%.”° This decrease may be attributed to two possible
reasons: firstly, the number density of acetonitrile molecule in the interfacial region decreased as
the concentration of acetonitrile decreased; secondly, the net orientation of acetonitrile molecules

changed as the composition of the acetonitrile/water mixture changed.
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For a rotationally isotropic interface like the silica/acetonitrile or silica/acetonitrile:water
mixture interface studied in this project, which has the symmetry of Cw,, there are only seven

. ey eq- 2-64
non-zero second-order nonlinear susceptibility tensor elements.®*®

By taking polarization-
resolved SFG spectra, the relative amplitude of these non-zero tensor elements can be extracted.
Determination of these non-zero tensor elements allows deduction of the orientation of the

interfacial molecules.

For the methyl symmetric stretch mode (ss-CHj3), expressions for the effective second-order

nonlinear susceptibility, )(é;) , under different polarization combinations are shown in the

1 . 1 195,2
following equations:®"-*7 %% 267

25" = Ly (05 )Ly (0, )L (0 )sin B 213
25" = Ly (06 )L
257" = Ly (055 Loy (0, )Ly (@ Jsin B33
257 = =Ly (@5 )L (0, )L, (@5 )c0s Boos B sin B, 1) (5.4)
= Ly (@051 )L (@, L (@, )cos sin f, cos B '
(a)ws )L > (a)IR )sin [ cos B, cos S, ;((ZQX

+ L \Ogpg )LZZ (a)vis )LZZ (a)lR )Sin Bsin S sin ﬁzlgz)z
where X, Y and Z are the laboratory axes, L]] (I = X, Y, Z) is the Fresnel coefficient of the

incident light polarized in the / direction, 181 is the incidence angle of the visible light, ﬂz is the
incidence angle of the IR light, and /3 1is the reflection angle of the generated SFG light.

For a single methyl group, the non-zero hyperpolarizability elements of the symmetric

stretch mode (ss-CH3) have the following relationship:***>%
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where x, y and z are the molecular axes, and z is the long molecular axis along the Cs axis of the
methyl group.

Euler transformation is needed to correlate the molecular coordinate system (xyz) and the

laboratory coordinate system (XYZ). Three Euler angles: the in-plane rotation angle ¢ , tilt
angle @ and twist angle ¥ , are involved in the transformation. Details about these three

parameters have been described in Chapter 1. Considering the symmetry of the silica’/ACN; and
silica/ACN(,q) interface and the highly symmetric structure of acetonitrile molecule, it is

reasonable to assume the interfacial acetonitrile molecule has a random distribution in both the

in-plane rotation angle ¢ and twist angle ¥ . Consequently, the tilt angle € is the only

parameter left to be determined, which represents the angle between the molecular axis z and the
surface normal (laboratory axis Z). After simplification, for the methyl symmetric stretch mode

(ss-CH3), the non-zero susceptibility elements have the following expressions:®! " 192267

2%, =4 = %N[ﬂg)(l —cos’ 9)cos6? + ﬂiﬁz)(l +cos’ 6’)c0s0]

X = = =15 = %N (82 - 5 )x (1~ cos® 0)cosd] (5.6)

)(?Z; = N[ﬁz(;) cos’ 0+ ﬂ(z)(l —cos’ 9)0089]

where N is the number density of interfacial acetonitrile molecule.
At each acetonitrile concentration, knowing the value of A/I" for the methyl symmetric
stretch mode under ppp and ssp polarization combinations, it is easy to find the ratio of these two,

which is proportional to the value of ¥ e(;,) PPy zﬁ?f) " . As shown in Figure 5.4B, the value of

X ff) e/ )(e(;f) * was plotted versus the concentration of acetonitrile. By using equation 5.4-5.6,

the tilt angle 8 can be readily determined at each acetonitrile concentration according to:
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where a,, a,, 43, a, and ds are constants with the following expression:

ay =Ly (a)SFG )LYY (a)vis )L, (a)lR )Sin B,

ay ==Ly (a)SFG )LXX (a)vis )Lzz (a)[R )cosﬂ cos 3, sin f3,

ay =—Lyy (a)SFG )Lzz (a)vis )LXX (a)IR )Cosﬂ sin f3, cos j3, (5.8)
ay, =Ly, (a)SFG )LXX (a)vis )LXX (a)IR )Sinﬂ cos fj, cos f3,

as =Ly, (a)SFG )LZZ (a)vis )LZZ (a)IR )Sin Bsin f; sin f3,

Assuming a narrow distribution, the tilt angle # was found to be in the range of 15-21° for all
acetonitrile concentrations, indicating there was no significant change in the net orientation of
interfacial acetonitrile molecule as the mole fraction of acetonitrile decreased from 100% to 4%.
In other words, the decrease in the number density of interfacial acetonitrile molecule is the
dominant reason why the SFG intensity decreased at less acetonitrile concentration. The average
value of 18° is similar to the values determined in previous studies at other mineral oxide
surfaces. For example, Rabinowitz and co-workers found that acetonitrile bound to zirconia with
a tilt angle of around 20°,°*"" and Williams and co-workers found that acetonitrile bound to
alumina with a tilt angle of approximately 21°, and bound to zirconia with a tilt angle of

approximately 24°.>7
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Figure 5.5 Frequency of the methyl symmetric stretch mode (ss-CH3) at different acetonitrile
concentrations under ppp and ssp polarization combinations.

In addition to analyzing the orientation of the methyl groups as a function of acetonitrile
concentration, we also monitored the wavenumber of the methyl symmetric stretch at each
acetonitrile concentration (Figure 5.5). We found as the acetonitrile concentration decreased
gradually from 100% to 4%, the frequency of the methyl symmetric stretch had a blue shift by
approximate 5 cm™. The exponential change is also consistent with the study by Fourkas and co-
workers,” in which they found two types of methyl symmetric stretch modes at the
silica/aqueous interface, and the frequencies of both blue shifted as the acetonitrile concentration
decreased. This frequency blue shift for the methyl symmetric stretch was attributed to the

interaction of water with the methyl groups.
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5.3.4 SFG Spectra of Acetonitrile from Silica/Aqueous Interface at Various pH Values
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Figure 5.6 SFG spectra of acetonitrile in the C-H stretch region collected from silica/aqueous
interface at various aqueous pH values under ppp (A) and ssp (B) polarization combinations. The
mole fraction of acetonitrile in the mixture was 19%. The entire solution mixture contained 10
mM NaCl background salt. In the figure, the black dots are experimental data and the solid lines
are theoretical fitting using equation 5.1.

SFG spectra of acetonitrile in the C-H stretch region were also collected from the
silica/aqueous interface at various aqueous pH values. An aqueous stock solution (1 L) was
stepwise adjusted from neutral pH (5.9) to strongly basic pH (12.3) using a concentrated NaOH
aqueous solution. At each aqueous pH value, 6-mL aqueous solution was mixed with 4-mL
acetonitrile to make 10 mL mixture solution, in which the mole fraction of acetonitrile was 19%.

SFG spectra were collected for each mixture solution and fit using equation 5.1 with one peak
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accounting for the methyl symmetric stretch and another peak accounting for the strongly
hydrogen bonded water (Figure 5.6). As only the tail of the water peak was measured in the
spectra, both the frequency and the damping coefficient of this water peak had to be held at 3200
cm™ and 50 cm™, respectively, to achieve consistent fitting. This method did definitively affect
the uncertainty of the peak amplitude extracted from fitting, especially at high pH conditions;

however, it did not affect the trend in A/I" values for the methyl symmetric stretch with

increasing pH.
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Figure 5.7 The ratio of peak amplitude and peak width (A/T") for methyl symmetric stretch mode
(A) and strongly hydrogen bonded water O-H stretch mode (B) at different aqueous solution pH
values under ppp and ssp polarization combinations. The mole fraction of acetonitrile in the
acetonitrile/water mixture was 19%. The entire solution mixture contained 10 mM NaCl
background salt. The frequency of the water O-H stretch peak had to be held as 3200 cm™ with a
peak width of 50 cm™, as only the tail of this peak was measured in the spectra.

After fitting, the ratio of the peak amplitude and peak width (A/T") for the methyl symmetric
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stretch was plotted versus solution pH in Figure 5.7A. The A/I" value did not change much when
pH < 10, yet underwent a dramatic decrease when pH > 10. At the same time, for the strongly
hydrogen bonded water peak, the A/I" value did not change much either when pH < 10, but
underwent a dramatic increase when pH > 10.

At neutral pH, the silica surface is negatively charged, and the surface charge generates an
electric field, which induces the alignment of water molecules in the interfacial region leading to
the water tail in the C-H stretching region, which is only notable in the ppp spectrum. According
to the SFG study by Shen and co-workers at the silica/water interface, as the solution pH is
increased, more surface silanol groups are deprotonated which results in a stronger interfacial
potential and more aligned water molecules. Consequently a stronger SFG signal in the water O-
H stretch region is observed.””” Our fitting result of the water peak is consistent with this
interpretation, indicating more water molecules were aligned at the interface as the pH increased,
although acetonitrile existed in the mixture (Figure 5.7B). The striking plateau in the A/I" value
between pH 6 and 10 is similar to the changes in water spectrum for the pure water interface.””
This indicates that the presence of acetonitrile does not affect the silica surface deprotonation
while the solution changes from neutral to basic.

The decrease of the A/I" value for the methyl symmetric stretch peak under both ppp and
ssp polarization suggested that the number of acetonitrile molecule aligned in the interfacial
region decreased as solution pH increased. This observation was not surprising as acetonitrile is
known to form hydrogen bonds by donation of surface silanol groups to the hydrogen-bond
accepting cyanide group. As the solution pH increased, more silanol groups were deprotonated to
siloxides, which effectively form hydrogen bonds with water (now as hydrogen-bond acceptors),

but not acetonitrile. At high solution pH, acetonitrile molecules may still align within the
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interfacial water layer through hydrogen bonds between cyanide and the remaining silanols (80%

remain even at pH 12),%”

retaining a certain amount of acetonitrile in the interfacial region.
Although a high density of silanols remain even at high pH, the loss of more than half of the
aligned acetonitrile molecules based on the change in A/I" indicates that the more negative

interfacial potential makes it more difficult to align ACN, which has its dipole moment pointed

towards the negatively charged interface.

5.4 Conclusion

In conclusion, the SFG spectra of acetonitrile in the C-H stretch region were collected from
the silica/aqueous interface at various acetonitrile concentrations and at a variety of pH values.
As expected based on previous work a strong peak attributed to the methyl symmetric stretch
within acetonitrile molecule was observed in both ppp and ssp spectra. Unlike previous studies,
however, in which double-Lorentzian models were necessary to fit this peak, a single Lorentzian
model was found to be suitable to fit our data. Additionally, orientation analysis of this mode
suggested that the net orientation of interfacial acetonitrile molecules did not change
significantly as the acetonitrile concentration decreased. At a certain acetonitrile/water
composition (nacn% = 19%), increasing solution pH from neutral value to strongly basic value
effectively decreased the number density of interfacial acetonitrile molecule also without
significantly altering their average tilt angle. This work indicates that the bilayer structure at the
silica interface changes density but not the overall ordering of the acetonitrile molecules based
on their consistent tilt angles even with significant changes to the mixture composition and pH.

Furthermore, the trend in the amount of aligned acetonitrile with increasing pH indicated that the
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amount of deprotonated silanols remained constant between pH 6 and pH 10, which is similar to

the acid-base behavior of the pure water/silica interface.””
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Chapter 6

General Conclusion and Future Work
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6.1 General Conclusion and Future Work

This thesis mainly has focused on characterizing the structure and order of molecules at
silica and functionalized silica surfaces and investigating the thermodynamics and kinetics of
processes at the silica/liquid and functionalized silica/liquid interfaces using the nonlinear optical
techniques vibrational sum frequency generation (SFG) and second harmonic generation (SHG).
Taking advantage of these surface-specific techniques, we were able to follow processes at
interfaces in real-time and extract information about specific interfacial phenomena.

In Chapter 2, we prepared two kinds of organocatalysts, silica supported amine and silica
supported ureido monolayers. At the acetonitrile/solid interface, the binding of a model reactant
4-nitroacetophenone with these silica-supported monolayers was studied using a combination of
SHG and vibrational SFG. Binding isotherms yielded binding energies consistent with the
formation of hydrogen bond between carbonyl groups in the model reactant and the hydrogen
bond accepter on the modified silica surface. We also found, the local environment of the silica
supported organocatalysts had a strong effect on the binding affinity of the model reactant.
Specifically, the binding energy of 4-nitroacetophenone on ureido monolayers was much less
than the binding energy on amine monolayers despite the fact that urea can form two hydrogen
bonds with carbonyl groups. The SFG study indicated that the presence of a hydrogen bond
network within ureido monolayers that must be disrupted to facilitate ketone binding is
responsible for the lower binding affinity of 4-nitroacetoohenone on ureido monolayers.

Overall, this project focused on the study of mono-functionalized silica catalyst, in which
only one kind of organocatalyst molecule is immobilized on the silica support. Other than mono-
functionalized silica catalysts, multi-functionalized silica catalysts, which consist of two or more

kinds of organocatalyst molecules on the same solid support, is another class of important
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9, 275-283
heterogeneous catalysts.” >’

For example, Lin proposed a bifunctional catalytic system
consisting of a Lewis basic amine (for activating a nucleophile) and a Lewis acidic urea (for
activating an electrophile). This combination can catalyze several different reactions involving

carbonyl and nucleophile activation by a cooperative effect.'*’

Although the components of this
bifunctional system, silica-supported amine or silica-supported urea monolayers, can still
catalyze some of the same reactions separately, the bifunctional system was found to be much
more effective. In order to gain more understanding of the cooperative mechanism, exploring the
interactions between the reactant and the bifunctional catalytic system would be the first step.
For future work, we may prepare bifunctional silica supported catalyst systems, which consists
of both amine and ureido monolayers on the same piece of silica support, and study its
performance in related catalytic reactions. Similarly, the bonding affinity of a model reactant on
the bifunctional silica surface can be determined using resonant SHG, then the mole ratio of the
two components on the silica surface will be optimized to seek a maximum binding affinity.
Taking advantage of the sensitivity of vibrational signatures of molecule, SFG can be employed
to study the structure and orientation of the surface catalyst molecule and bonded model reactant
molecule.

In Chapter 3, we studied the reaction mechanism of the Cu(I)-catalyzed 1,3-dipolar azide-
alkyne cycloaddition (CuAAC) at the silica interface using SFG. An organo azide monolayer
was prepared on a CaF,-supported silica surface and a strong peak at 2096 cm™ assigned to the
asymmetric stretch of azide group was observed at the silica/methanol interface for the first time

by SFG. Using a cyano-substituted alkyne, the surface CuAAC reaction was followed by

monitoring the decrease of the azide peak and the increase of the cyano peak in the SFG spectra.
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Kinetic analysis revealed that the reaction order with respect to copper was 2.1, suggesting that
two coppers are needed in the rate determining step.

In this project, we found the azide group and its reactivity can be followed in real time using
vibrational SFG. As the azide is unreactive with functional groups that occur in biological
systems, it can be used as an SFG label to investigate the thermodynamics and kinetics of
interfacial biochemical reactions, for example, the phospholipase catalyzed hydrolysis of lipid
bilayer. As interfacial enzymes that catalyze the hydrolysis of cellular L-phospholipids,
phospholipase play an important role in many biochemical processes.”***** In order to improve
the understanding of phospholipase and the mechanism of phospholipase-catalyzed hydrolysis
process, planar supported lipid bilayer has been used as a model to mimic many aspects of cell

. 120, 286-293
membrane behavior,

and SFG has been employed to study the reaction kinetics of
phospholipase-catalyzed hydrolysis.'”” The behavior of lipid bilayers was studied with SFG by
monitoring different vibrational modes within the lipid molecule, and the most common region
of interest is the C-H stretch region, as lipid molecules are rich in C-H groups including methyl,
methylene and methine. There are some downsides of this approach. Firstly, D,O is usually used
to avoid the disturbance of the strongly hydrogen bonded water peak, which has a center
frequency of 3200 cm™ and has a intense tail in the C-H stretch region in SFG spectra. Secondly,
the C-H stretching region is congested with multiple vibrational modes, so peak assignment
becomes difficult. To solve these problems, we can introduce azide groups into the lipid
molecule.”®* By using azide-modified lipid bilayers, the enzyme catalyzed hydrolysis reaction

can be followed in the azide asymmetric stretch region, and information about the reaction

mechanism can be easily extracted.
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In Chapter 4, we monitored the thermal dissociation of immobilized DNA duplexes using
vibrational SFG. A thymidine 15-mer (T;s) monolayer was immobilized on silica using the
CuAAC reaction, and the interactions of the silica supported T;s strands with complementary A;s
strands from solution were studied using SFG in the C-H stretch region. The most temperature-
sensitive mode was attributed to the methyl groups on the T)s strand, which should experience
significant reorientation upon duplex dissociation. Fitting of the ratio of peak amplitude and peak
width of the methyl symmetric stretch peak versus temperature revealed a melting temperature
that is ~ 12 °C lower than the solution-phase melting temperature, indicating that immobilization
on silica destabilized the DNA duplexes leading to a low dissociation temperature. This
conclusion is important for the application of DNA microarray chips, which are of great use in

disease diagnostics and pathogen detection,””>"

as thermal stringency washes are normally used
to remove all the mismatched DNA sequences after hybridization of the immobilized DNA
single strand with the complementary stand in solution. It is necessary to control the highest
temperature of thermal stringency to avoid the dissociation of perfectly hybridized DNA
sequences.162, 214, 248

In this project, the experiment was done using a buffer solution, which kept the solution pH
unchanged during the whole hybridization and dissociation process. But the solution pH is
another factor that can affect the hybridization of immobilized DNA duplexes,”” so future work
may aim to understand the pH dependent behavior of immobilized DNA and the influence of pH
on the hybridization and dissociation of immobilized DNA duplexes on silica. SFG spectra in
this project were collected in the C-H stretch region, but as mentioned early, there are some

disadvantages of collecting spectra in this region. To improve this method, we can also introduce

azide groups into the structure of the DNA strand, then the hybridization of immobilized DNA
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duplexes can be monitored in the azide asymmetric stretch region using SFG without the
disturbance of the water peak.

In Chapter 5, we studied the interfacial organization of acetonitrile at the silica surface
using SFG with and without the presence of water as a co-solvent. SFG spectra were collected in
the C-H stretching region from the silica/aqueous interface at various acetonitrile concentrations,
and a strong peak attributed to the methyl symmetric stretch of acetonitrile was observed in both
ppp and ssp spectra. A single-Lorentzian model was employed to fit the spectra, and orientation
analysis indicated the net orientation of interfacial acetonitrile molecules did not change much as
the acetonitrile concentration decreased. At a certain acetonitrile/water composition, increasing
the solution pH from a neutral value to a strongly basic value effectively decreased the number
density of interfacial acetonitrile molecules. As the acetonitrile/water mixture is a widely used

mobile phase in chromatography,®' 2>

the study of the interfacial organization of acetonitrile
molecules at the silica surface under different solution compositions and pH will help the
understanding of the movement and separation of different components in chromatography.
Future work will be done by collecting SFG spectra under different solution pH conditions at
various acetonitrile/water compositions. Meanwhile, as buffer is usually used instead of pure
water in chromatography, the presence of salt may be another factor that can affect the interfacial
organization of acetonitrile molecules. So the effect of salt concentration on the interfacial
organization of acetonitrile will be another interesting topic to study. Furthermore, the SFG
spectra in this project were collected in the C-H stretch region, and in order to get more

complementary information, SFG spectra can be also collected in the cyano stretch region (2230-

2260 cm™).
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6.2 Perspective

As surface-specific techniques, SHG and SFG are well-suited to study the properties of
interfacial molecules, and consequently they have been employed to study various interfacial
phenomena in different areas. The advantages of these nonlinear optical techniques become more
noticeable when the application involves buried interfaces and insulator substrate. The
application of these techniques to the study of immobilized catalysts, particularly on insulators
like silica which is the most commonly used substrate for catalyst immobilization, has a great
deal of potential because of the difficulty in monitoring processes on such surfaces.

To study interfaces involving organic molecules, there are some specific issues to note. First
of all, during exposure to laser beams, the stability of a molecule is the first factor that has to be
considered. Normally, relatively low laser power has to be used to avoid damaging the sample.
However, the nonlinear response of the system with respect to incident electric field is only
generated when the incident electric field is high enough. The sensitivity of the interface to laser
intensity was a particular problem in SHG experiments at the acetonitrile/silica interface but we
were able to achieve satisfactory signal levels with attenuated power. For some extremely
unstable systems, however, instead of using lower laser power, a computer-controlled moving
sample stage may be needed to solve this problem.

Secondly, for studies involving immobilized molecules, the preparation and characterization
of the immobilized monolayer is important. Especially, when a mixed monolayer or a
bifunctional system is studied, the preparation and characterization step will be difficult but
critical. The performance of the surface determines the results from laser experiments to a great

extent.
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